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SUMMARY 
A full-scale mine water Passive Treatment Plant (PTP) was constructed in 2014 near 
Vryheid in KwaZulu-Natal at the Vryheid Coronation Colliery (VCC) in South Africa 
(SA). The aim of the project was to demonstrate passive treatment of mine water in 
terms of neutralisation of acidity, the possible removal of metals and reduction of 
sulphates. The outcomes of this project will contribute to the implementation and 
utilisation of this technology on a wider scale by various industries and the mining 
sector.  
Monthly in-situ water quality parameters (pH and temperature) were measured for a 
year at the PTP. Water samples were collected for metal (Ca, Mg, Na, K, Fe, Mn, Al, 
Cl and B) and general water quality parameter analysis (F, PO4 and COD) for ten 
months. The water quality results were compared to the Target Water Quality Range 
(TWQR) of the Water Quality Guideline for Irrigation (WQG/I) (DWAF, 1996a) and 
Water Quality Guideline for Livestock Watering (WQG/LW) (DWAF, 1996b). Water 
quality results show the systematic decrease in acidity through the different 
components of the PTP. Parameters such as TDS, NH4, COD, F, PO4, SO4 and K 
presented an increase in concentration through the PTP, while metals of concern such 
as AL and Fe, were reduced to concentrations below the TWQR of the WQG/I and 
WQG/LW at sampling point S10 (output water point). Reducing phosphates through 
the PTP has not been successful. This could be attributed to the PTP that has been 
operational for less than a year. Effective functioning of each component of such a 
PTP will take some time. The PTP is thus successfully treating Acid Mine Drainage 
(AMD), with specific focus of the reduction of acidity and metals (AL and Fe) of a 
ceased underground coal mine. The results indicate that the final effluent at S10, for 
some of the water quality parameters, is suitable for irrigation and livestock watering. 
Passive treatment of mining effluent will in future contribute to alleviate the basic water 
requirements of communities in close proximity of existing and redundant mines by 
providing clean water that is free for use in most activities. 
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1. CHAPTER 1: INTRODUCTION  
Vryheid Coronation Colliery (VCC) is an Anglo American Thermal Coal mine (AATC). 
A Passive Treatment Plant (PTP) currently treating ceased the VCC’s underground 
coal mine West Adit acid mine drainage (AMD). This colliery is located within the Natal 
Coalfields, approximately 30 km East of Vryheid in Northern KwaZulu-Natal. The West 
Adit is situated 3.2 km from the PTP. The PTP is designed to treat 200 m3/day of acid 
water. The acid water from the West Adit is then transported via an underground 
pipeline. The site for the PTP is located within the rural area of Thukazele village and 
is accessible via the R69 between Vryheid and Louwsburg. It falls within the Abaqulusi 
Local Municipality (Vryheid) and within the Zululand District Municipality. Vryheid 
Coronation Colliery is located in a quaternary catchment of W31A, within the Mkhuze 
greater catchment. This catchment falls under the Usuthu and Mhlatuze Water 
Management Area (WMA). The PTP requires less maintenance and is more cost 
effective, thus more suitable for this rural area that has limited manpower and 
commercial resources. 
Vryheid Coronation Colliery was operated from 1923 to 1998. The mining operation 
mainly focussed on three semi horizontal coal seams that occur in the hills of the Natal 
Coalfields. During mining and mineral (coal) extraction, the rock mass become 
extensively fragmented, thereby increasing the surface area and consequently the rate 
of acid production. The mining method that was applied over extensive areas of the 
three (3) seams resulted in the rocks collapsing on the surface. 
Removal of coal was conducted in phases, therefore when one phase had been mined 
out, mining proceeded to the next phase. When all the phases had been mined (no 
more coal extraction for production purposes), the mining ceased and the area 
declared void after closure. 
Water can naturally be found underground. During the mining process, surplus water 
(excess water) was discharged to the surface water facilities (containments) to be 
utilised for surface mining processes such as coal beneficiation and dust suppression. 
The water that remained underground was used for underground mining process such 
as cooling and drilling processes. 
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Not all the coal was taken to the surface. Coal that remained was exposed to water 
found underground. The underground water recharge did not cease after the mining 
has ceased. Oxygenated water reacted with mineral pyrite in unmined coal and in the 
coal rocks that resulted in the water to become acidic. The mineral pyrite then 
underwent oxidation in a two stage process. The first stage produced sulphuric acid 
and ferrous sulphate, while the second stage produced orange-red ferric hydroxide 
and more sulphuric acid (McCarthy, 2010). Therefore, AMD, is then the overflow and 
exposure of acid water to the environment. 
Another aspect of this mining process was the fact that the mining phases were 
conducted to follow the flow direction of groundwater towards the lowest point. This 
procedure allowed the mine to leave the lowest point open. This opening is termed an 
Adit, and for VCC it was termed the West Adit. The Adit level was created to be above 
the void floor level. The Adit by design allowed water (acid water) that increased above 
the void level to overflow from the closed mined area (void) out through the Adit. The 
West Adit was connected to the KwaNotshelwa River. 
Vryheid Coronation Colliery has investigated the installation of a Passive Water 
Treatment System (PWTS) to improve the quality of the discharged water into 
KwaNotshelwa River and providing possible water for agricultural irrigation to the 
closest settlement of the proposed treatment plant, Thukazele. When the community 
eventually receive clean water to be used, they will be able to bridge the high rate of 
poverty by practising agriculture (Molwantwa et al., 2010). 
Pulles Howard and de Lange Inc. (PHD) had undertaken a major research effort in 
1994, developing the patented Integrated Managed Passive Treatment System 
(IMPITS) (Molwantwa et al., 2010). A pilot plant for the PTP of AMD was designed, 
constructed and operated at VCC by PHD since 1996. This system had contributed to 
major breakthroughs in passive treatment development (Molwantwa et al., 2010). 
When commissioned in 1996, the VCC pilot plant comprised of six (6) sulphate 
reducing units (SRUs). Four of these were small sulphate reduction reactors (SSRUs), 
two were large sulphate reduction reactors (LSRUs) as well as a post treatment 
“polishing” facility comprising of an aerobic wetland and oxidation cascade 
(Molwantwa et al., 2010). The PTP was modelled after wetlands and other natural 
processes, with modifications directed toward meeting specific treatment goals. 
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The pilot project was monitored on a daily basis for nine years. It followed typical trends 
with regards to passive sulphate reduction, where initial sulphate reduction rates were 
high (coinciding with the availability of readily degradable carbon) and continued to 
decline until only the more recalcitrant carbon was left (Molwantwa et al., 2010). The 
success of the IMPTS technology, compared to other passive treatment systems, was 
attributed to the enhanced sulphate reduction performance of the Degrading Packed 
Bed Reactor (DPBR) patented by PHD (Molwantwa et al., 2010). 
A critical step in designing a PTP, was to first characterize the water to be treated. 
This was conducted by measuring the discharge or flow of the water from the West 
Adit to the treatment plant, as well as the water quality constituents such as pH, SO4, 
etc. of concern. This was done over an extended period to determine seasonal 
variation. Based on this information, the design conditions could be determined. Site 
characteristics, especially land availability, also influenced the passive treatment 
system selection and design (Molwantwa et al., 2010). 
Vryheid Coronation Colliery ceased operations in 1998 and possible AMD has been 
flowing into the Notshelwa River since the early 1998 (Molwantwa et al., 2010). The 
area has been earmarked for potential future agricultural activities such as crop 
farming and livestock grassing by the local community using the contaminated water 
from the river. Such water typically poses an additional risk to the environment due to 
the fact that it often contains elevated concentrations of metals (Fe, Al and Mn, and 
possibly other heavy metals) and metalloids (of which arsenic is generally of greatest 
concern) (Molwantwa et al., 2010). 
Vryheid Coronation Colliery has implemented a full scale passive mine water 
treatment plant commissioned in August 2015 (Pules et al., 2016). This system was 
to demonstrate the technology in terms of neutralisation of acidity, the removal of 
metals (including aluminium, iron and manganese) and reduction of sulphates 
(Molwantwa et al., 2010). The full scale PTP covers an area of approximately 15 ha 
on the southern bank of the KwaNotshelwa River. The KwaNotshelwa River flows in 
a north easterly direction past the site, and underneath the R69 road to join the 
Nkongolwana River, about 2.5 km from the site. The Nkongolwana River ultimately 
joins the Mkhuze River. 
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The current PTP is a full scale PTP following the IMPTS that was research by PHD in 
1994 and commissioned in 1996. The VCC PTP utilizes naturally available energy 
sources such as microbial metabolic energy, photosynthesis, chemical energy, natural 
topographical gradients to regulate flow and requires regular, but infrequent 
maintenance.  
This technology can reliably remove sulphates, acidity and metals from AMD. The 
essence of the IMPTS process, is the subdivision of the overall treatment process into 
individual units, each designed and optimised to perform a key function (Molwantwa 
et al., 2010). The PTP for AMD at Vryheid is intended to renovate and improve the 
quality of water that passes through the different components of the plant (Molwantwa 
et al., 2010). The components of the plant encompass one Degrading Packed Bed 
Reactor (DPBR), three aeration cascades, one scrubber unit, three limestone reaction 
units and one aerobic wetland. 
Acid Mine Drainage, characterized by acidic metalliferous conditions in water, is 
responsible for physical, chemical, and biological degradation of stream habitats 
(Coetzee et al., 2010). The effect of mining on the environment includes the release 
of many chemical contaminants into water resources, which can cause environmental 
damage and threaten the health and safety of nearby communities long after mine 
closure (McCarthy, 2010). Acid Mine Drainage contaminates the surface water and 
groundwater resources. This form of water pollution is so persistent that, in the 
absence of available remedies, in many instances, the contaminated sites may never 
be completely restored (Coetzee et al., 2010) 
Passive mine water treatment technologies are not widely utilised for the treatment of 
AMD. The outcomes of this project will inform the mining industry and related sectors 
of the implementation and utilisation of the relevant technology. This will contribute 
and assist in AMD problems the country is faced with currently. 
1.1 Hypothesis 
The null hypothesis (H0) stated that a passive mine water treatment plant will 
successfully treat Acid Mine Drainage (AMD) of a ceased underground coal mine, 
reducing acidity, metals and phosphates. 
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Water quality results show the systematic reduction in acidity through the different 
components of the PTP. Metals of concern such as aluminium and iron, are reduced 
to concentrations below the Target Water Quality Range (TWQR) of the Water Quality 
Guidelines for Irrigation (WQG/I) and the Water Quality Guidelines for Livestock 
Watering (WQG: LW) at sampling point S10. Reducing phosphates has not been 
successful. This could be attributed to a PTP that has been operational for less than 
a year. Effective functioning of each component of such a PTP will take some time. 
The PTP is thus successfully treating AMD, with specific focus of the reduction of 
acidity and metals (aluminium and iron) of a ceased underground coal mine. The null 
hypothesis is thus accepted with regards to treatment of acidity and metals. 
1.2 Aims 
The aims of the study were to assess the following through focussing on the 
functioning of some of the components of the PTP: 
a) Neutralisation of acidity; 
b) removal of metals; and 
c) reduction of sulphates. 
1.3 Objectives 
Objectives for this study included the following: 
a) Conducting a literature survey on the effect of Acid Mine Drainage (AMD) 
on surface water resource, comparing active and passive mine water 
treatment plants and justify the use of a passive mine water treatment 
plant. 
b) Collecting water samples for analysis to address the basic functioning of 
the PTP. 
c) Compare the water quality results to the TWQR of the WQG/I and the 
WQG: LW. 
1.4 Study overlay 
Chapter 1: Introduction 
Chapter 2: Literature review 
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Chapter 4: Results 
Chapter 5: Discussion 
Chapter 6: Conclusion 
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2. CHAPTER 2: LITERATURE REVIEW 
Acid Mine Drainage (AMD) is a significant and costly environmental impact of the 
mining industry on the freshwater environment worldwide. The legacy of mining 
continues to affect surface and groundwater resources long after mining operations 
have ceased. Acid Mine Drainage is a common problem at abandoned mine sites 
around the world today (Water Research Commission (WRC), 2004). 
2.1 AMD treatment and the international environment 
One of the major issues facing the Canadian mining industry over the last few decades 
was the treatment of effluent during and after closure of a mining property (Johnson 
and Hallberg, 2005). Effluent treatment may be complicated by the presence of AMD, 
which even under the best reclamation scenario may require long term collection and 
treatment (Zagury et al., 2007; Genty et al., 2012). While chemical treatment or some 
other form of active effluent treatment had traditionally been conducted in Canada, 
greater consideration had been given to various forms of passive treatment (Johnson 
and Hallberg, 2005). Passive treatment of AMD has a future in Canada but is limited 
to applications where flow volume is relatively constant, water temperature is greater 
than 7°C (e.g. mine water or embankment seepage), water chemistry consists of low 
to medium strength acidity and metal concentrations, low concentrations of aluminium 
and iron, as well as low sensitivity of the receiving environment (Johnson and Hallberg, 
2005). 
Mines in Canada were required to establish trust funds to cover the cost of the effect 
of AMD from mine wastes (Hedin et al., 1994; Watzlaf et al., 2004). Funds have 
internationally been raised to pay for reclamation of abandoned mines (Hedin et al., 
1994; Watzlaf et al., 2004). Environmental legislations and regulations have been 
enforced for management and compliance purposes (Reinhardt, 1999). The 
management of potentially acid generating wastes is an important environmental 
issue. Major costs may arise during the operating time of the mine or after the closure 
of a mine, if proper waste management strategies are not followed. 
A study was conducted for AMD in Canada focussing on data collected for 72 different 
effluent streams representing all geographic regions, from 14 mining companies 
(Hedin et al., 1994; Watzlaf et al., 2004). Gold, copper, lead, zinc and uranium mines 
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provided information (Fabbri et al., 2002). Considerable variability was found with 
respect to the level of contaminants present. The metals generally found in the highest 
concentrations in the effluent stream were Zn, Fe, and Al (Fabbri et al., 2002). Flow 
rates were significantly higher in the spring and autumn as compared to summer and 
winter in Canada (Durand, 2012). Copper and zinc concentrations were higher in the 
spring, while lead, iron and cobalt concentrations peaked in winter (Durand, 2012). 
The lowest concentrations of Zn were measured in the summer and autumn, while 
copper and cobalt decrease in autumn (Johnson and Hallberg, 2005). Sulphate and 
acidity were highest in the winter and lowest in the spring (Durand, 2012). However, 
biological based systems using living organisms will have limited effectiveness if 
exposed to winter climatic extremes unless considered in the initial design (Durand, 
2012). The effectiveness of these systems might also be limited during spring runoff 
periods at Canadian mine sites, where there may be high flow conditions but only 
limited biological activity (Watzlaf et al., 2004). Passive systems have been shown to 
be most effective in treatment of AMD when designed for the specific characteristics 
of the influent and the location (Durand, 2012). 
At most of these sites at Canadian mines, treatment of AMD would require more than 
one form of passive treatment. At some sites it may be more appropriate to develop 
the systems in parallel in order to efficiently treat different effluent under varying flow 
conditions (Council of Geoscience, 2010). This might specifically be applicable at 
Canadian sites which have concentrated effluents under low flow conditions in the 
winter (Johnson and Hallberg, 2005). 
State and federal reclamation programs, mining operators, and citizen-based water 
organizations have constructed hundreds of passive systems in the eastern United 
States of America (USA) over the past 20 years to provide reliable, low cost, low 
maintenance mine water treatment in remote locations (Moradzadeh et. al., 2007). 
While performance had been reported for individual systems, there has not been a 
comprehensive evaluation of the performance of each treatment type for a wide variety 
of conditions (WRC, 2004). Eighty-three passive systems were evaluated (Taylor et 
al., 2005; Zagury et al., 2007). Each system was monitored for influent and effluent 
flow, pH, net acidity, and metal concentrations (Gazea et al., 1996). Performance was 
normalized among types by calculating acid load reductions and removals, and by 
converting construction cost, projected service life, and metric tonnes of acid load 
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treated into cost per tonne of acid treated (Taylor et al., 2005; Zagury et al., 2007). Of 
the 83 systems, 82 systems presented reduced acid load at the end of the period 
(Zagury et al., 2007; Genty et al., 2012). Average acid load reductions were 9.9 
tons/year for open limestone channels (OLC), 10.1 tons per year for vertical flow 
wetlands (VFW), 11.9 tons per year for anaerobic wetlands, 16.6 tons per year for 
Limestone Leach Beds (LSB) and 22.2 tons per year for anoxic limestone drains (ALD) 
(Zagury et al., 2007). Approximately 20 000 km of streams and rivers in the eastern 
USA are degraded by AMD (Moradzadeh et al., 2007). About 90% of this AMD 
originates in abandoned underground coal mines (Moradzadeh et al., 2007). 
In the late 1980s, two new approaches were developed that extended the treatment 
capabilities of wetlands to more acidic mine water in USA (Reinhardt, 1999). In the 
first case, USA Bureau of Mines researchers, assessing the performance of a wetland 
that had been constructed in an attempt to treat very acidic water, found that in isolated 
locations the mine water was being neutralized and iron was being precipitated as a 
sulphide (Reinhardt, 1999). Water was flowing down through the compost/limestone 
substrate and then back up again, gaining alkalinity in the process (Zipper et al., 2018). 
An approach was developed to optimize this effect and was evaluated in the field. 
These anaerobic or compost wetlands added alkalinity, but were not very efficient for 
iron removal, and required sequential placement of aerobic and anaerobic systems 
(Robert et al., 1994; Zipper et al., 2018). These systems were seldom constructed to 
treat coal mine drainage. However, they could be useful for treatment of metal mine 
drainage, since it provided a mechanism to remove metals such as cadmium, copper 
and lead (Zipper et al., 2018). 
The second new approach involved acidic water in contact with limestone in an anoxic 
environment before flowing into a settling pond or wetland system (Robert et al., 1994; 
Zipper et al., 2018). Although limestone had previously been used to treat mine water, 
it typically became coated by iron hydroxide. A great number of ALD’s were 
subsequently constructed. These worked well for mildly acidic water (pH > 4.5) that 
was anoxic, but more acidic water tended to contain dissolved aluminium, which 
precipitated in the ALD and reduced permeability, often to the point of failure (Johnson 
and Hallberg, 2005). In addition, if the pH of the water was below about 3.5, the 
dissolved iron was often already oxidized (ferric), so that coating could occur even if 
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no oxygen was present (Sheridan et al., 2013). In the USA, abandoned mines were 
rehabilitated under the National Abandoned Mine Land Programme (Reinhardt, 1999). 
The effects of AMD on the aquatic ecosystem in New Zealand have been severe, often 
resulting in an absence of fish, crayfish and eels and the presence of only acid-tolerant 
algae and occasionally a few invertebrate taxa (Moradzadeh et al., 2007). Although 
there have been many studies on the effects of AMD on the environment, and on the 
geochemistry of AMD in New Zealand, few studies have focused on treatment 
(Moradzadeh et al., 2007). Long term treatment of AMD using passive treatment 
systems is typically more economic than using active treatment systems (Zagury et 
al., 2007). 
2.2 AMD treatment in South Africa 
The South African mining industry is one of the most developed in the world, and 
therefore, has an important role to play in global AMD management and the eventual 
treatment thereof. Such a role would be facilitated by an up to date, comparative 
analysis of international experience, taking into consideration aspects such as the 
development ranking economic significance of the mining sector, as well as the extent 
of potential AMD for the countries involved (Durand, 2012). 
In 1993, the Department of Water Affairs and Forestry (DWAF) identified a need to 
investigate the potential application of passive treatment system for mine waters in 
South Africa (SA). A literature review was conducted and revealed the potential 
benefits of developing passive treatment for application in SA, but at the same time 
identified the lack of established local and international experience with systems 
designed to treat sulphates rather than metals (WRC, 2004). It also identified the acute 
lack of information with regards to the suitability and sustainability of carbon sources 
to drive the required sulphate reducing process. 
During the past 20 years, the possibility that mine water might be treated passively, 
has developed from an experimental concept to a full-scale field implementation at 
hundreds of sites throughout the world (Trumm et al., 2007). Passive technologies 
take advantage of the natural chemical and biological processes that ameliorate 
contaminated water conditions (Durand, 2012). Ideally, Passive Treatment Systems 
(PTS) require no constant input of chemicals and very little maintenance. Passive 
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treatment systems use contaminant removal processes that are slower than 
conventional treatment and thus require longer retention times and larger areas to 
achieve similar results (Durand, 2012). The goal of the passive mine drainage 
treatment system is to enhance natural ameliorative processes, so that it occurs within 
the treatment system and not in the receiving water body. Two factors that determine 
whether this goal can be accomplished include the kinetics of the contaminant removal 
processes and the retention time of the mine water in the treatment system (Trumm 
et al., 2007). The retention time for a particular mine site is often limited by available 
land area. However, the kinetics of contaminant removal processes can often be 
affected by manipulating the environmental conditions that exist within the passive 
treatment system (Trumm et al., 2007). Efficient manipulation of contaminant removal 
processes requires an understanding of each removal process and its respective 
limitations (Moradzadeh et al., 2007). 
The first step in the design of a PTS, is the characterization of the effluent requiring 
treatment (McCarthy, 2010). This will include a detailed assessment of effluent quality 
and flow over an extended period of time, including sufficient data to determine any 
seasonal variations. After a complete characterization, a preliminary passive treatment 
system can be designed. On completion of the design stage, a preliminary cost-benefit 
analysis should be conducted in order to better assess the appropriateness of passive 
treatment for a particular effluent (Rao, 2002, 2006). 
Even undersized passive systems can be useful, discharging water with significantly 
lower concentrations of metal contaminants than present in the inflow drainage 
(Council of Geoscience, 2010). These improvements in water quality, decrease the 
costs of subsequent water treatment at active sites, and decrease deleterious impacts 
that discharges from abandoned sites have on receiving streams and lakes (Council 
of Geoscience, 2010). Researchers have recently developed additional passive 
treatment technologies, such as steel slag leach beds, which may prove to be useful 
additions to the passive treatment arsenal (Zipper et al., 2018). Research is being 
conducted on semi-passive approaches that have the potential to significantly reduce 
the land requirements of a PTS. Semi passive systems fall between conventional 
chemical treatment, which requires virtually around the clock attention, and passive 
systems that ideally require very little maintenance and attention (Johnson and 
Hallberg, 2005). Semi-passive systems have been constructed using gravity, wind, 
 6 | P a g e  
 
and water powered aeration or neutralization processes, as well as some low-power 
demanding devices (Robert et al., 1994; Zipper et al., 2018).  
The majority of AMD comes from inactive or abandoned mines. Consequently, there 
is limited funding for treatment, and surface and groundwater resources are continually 
contaminated (Rao, 2002). Underground mining often requires draining (passive 
removal) or pumping (active removal) of groundwater, so ore can be removed. 
Continued dewatering of the sulphide ore body and surrounding material creates the 
conditions for AMD that produce a continuous supply of water, oxygen, and exposed 
sulphide minerals. In addition, groundwater flow near the underground openings is 
altered. The volume of an aquifer affected, depends on the dimensions of the mine (its 
shape, depth, volume, and so forth), the pre-mining transmissivity of the ore body and 
surrounding country rock, and the enhanced transmissivity of the rock near the 
openings (Hamilton, 2005). Each of these factors, along with pre-existing conditions, 
such as groundwater recharge rates, will determine the quality and quantity (if any) of 
the discharge after mining. The stability of the workings after mining is an additional 
consideration. Few adits remain open for more than a few years. The stability of 
deeper workings depends on rock quality and the mining methods used (Struwig and 
Stead, 2001). Any type of abandoned mine can be hard to treat. Abandoned 
underground mines may have cave-ins and flooding, restricted access, and unreliable 
mine maps (Struwig and Stead, 2001). Abandoned surface mines may have huge 
volumes of spoil, often of unknown composition and hydrology (Struwig and Stead, 
2001). Re-handling and mixing alkalinity into the backfill of surface mines and tailings 
is generally prohibitively expensive. Sites can generate AMD for more than 100 years, 
making active treatment prohibitively expensive. These problems have been 
considered so intractable that it has only recently been addressed. Passive systems 
can treat AMD to varying degrees at lower capital and operating costs than 
conventional treatment plants, and PTPs can be installed at abandoned mines and in 
remote locations (Molwantwa et al., 2010). Because it takes advantage of natural 
processes to improve contaminated water conditions, it should not require significant 
operation and maintenance (Molwantwa et al., 2010). However, it will still need some 
attention.  
Since no company or individual claims responsibility for reclaiming abandoned mine 
lands (AML), the treatment of any AMD source or stream becomes a public 
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responsibility and expense (Trumm et al., 2007). When AMD is neutralized, its 
dissolved metals precipitate as low-density flocculates (floc or sludge) of metal 
hydroxyl sulphates. Therefore, most AMD treatment systems involve alkalinity addition 
and metal precipitation (Trumm et al., 2007).  
Water is considered polluted if some substance or condition is present to such a 
degree that water cannot be used for specific purposes (Molwantwa et al., 2010). 
Thus, water pollution varies not only with the nature of pollutants, but also with the 
intended use of water (Molwantwa et al., 2010). Water that is too polluted to drink, may 
be satisfactory for industrial use. Water too polluted for swimming may not be too 
polluted for fish. Water too polluted for fish may still be suitable for sailing or hydro-
electric power generation. Water pollution is primarily a public health problem, from 
water borne bacteria and viruses, the leading carriers of sickness and death (Council 
of Geoscience, 2010). 
The Department of Water and Sanitation (DWS) has been implementing different 
initiates to treat acid mine water emanating from abandoned mines all over SA. In 
2014, the DWS announced that SA’s AMD treatment bill amounts to between R9 billion 
and R10 billion (Council of Geoscience, 2010). Furthermore, it announced that SA 
needs to spend as much as $1billion to make toxic water leaking from abandoned 
mine shafts, drinkable (Council of Geoscience, 2010).  In 2014, a treatment plant for 
acid water in Germiston, East of Johannesburg, was then in the commissioning phase. 
The DWS in 2016, launched a long-term project to turn AMD into safe water for 
commercial use as either industrial or potable water. The Minister of DWS chose the 
old south-west vertical shaft area of the dormant East Rand Proprietary Mines (ERPM) 
to launch the long-term solution to remove the sulphates. This plan was to prevent an 
outpouring in the western basin and breaching of the environmental critical level in the 
central and eastern basins at a combined cost of R2.3billion (Council of Geoscience, 
2010). The next big step will involve R10billion more to introduce a long-term solution 
with the help of either reverse osmosis or desalination technology, to remove salts in 
the water. Recovery of saleable gypsum is the long-term solution, along with the two-
thirds collaboration of the mining sector, who will help to soften the costs once the 
long-term solution is implemented. This will also create a revenue stream from the sale 
of the cleaned-up water (Council of Geoscience, 2010). 
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With the literature review in mind, finding a cost-effective way to restore water quality 
from closed and abandoned mines to be utilised again in a water scarce country like 
SA has become critical. The focus of this project is on the implementation of a cost-
effective PTS that will function optimally. 
2.3 A Passive Treatment Plant for the Natal Coalfields 
A major research effort was undertaken in 1994 by Pulles, Howard and de Lange Inc. 
to develop the patented Integrated Managed Passive Treatment System (IMPITS) 
(Molwantwa et al., 2010) at Vryheid Coronation Colliery (VCC) within the Natal 
Coalfields close to Vryheid (Figure 1). This Anglo American Thermal Coal mine 
(AATC) ceased functioning in 1998. The Passive Treatment Plant (PTP) is currently 
treating AMD from the West Adit of the mine. Pulles, Howard and de Lange Inc. 
operated the pilot plant for the treatment of AMD since 1996. The PTP was designed 
and constructed at VCC. In passive treatment development, this system had 
contributed to major breakthroughs (Molwantwa et al., 2010). The VCC pilot plant 
comprised of six sulphate reducing units (SRUs), four of these were small sulphate 
reduction reactors (SSRUs), two were large sulphate reduction reactors (LSRUs) as 
well as a post treatment “polishing” facility comprising of an aerobic wetland and 
oxidation cascade when it was commissioned in 1996 (Molwantwa et al., 2010). The 
wetlands and other natural processes were modelled for the PTP, with modifications 
directed toward meeting specific treatment goals. 
In 1998, Vryheid Coronation Colliery ceased operations. Since early 1998 acid mine 
water has been flowing into the Notshelwa River. The local community had earmarked 
the area for potential future agricultural activities such as crop farming and livestock 
grazing using the contaminated water from the river. This water often contains 
elevated concentrations of metals (Fe, Al and Mn and possibly other heavy metals) 
and metalloids (of which arsenic is generally of greatest concern) and typically poses 
an additional risk to the environment. The purpose thus with the PTP will be to treat 
the effluent effectively so that water from the river in future can be used for agricultural 
activities. 
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3. CHAPTER 3: MATERIALS AND METHODS 
This chapter includes the location of the study area, the Passive Treatment Plant 
(PTP), the different components of the PTP, the functioning thereof, sampling and 
analysis of the water. 
3.1 Study area 
A full scale PTP is located within the Natal Coalfields (Figure 1). The site falls within 
the Abaqulusi Local Municipality (Vryheid) and within the Zululand District Municipality. 
It is located in the quaternary catchment, W31A, in the Mkhuze greater catchment. 
The site covers an area of approximately 15 ha on the southern bank of the 
KwaNotshelwa River. The KwaNotshelwa River flows in a north-easterly direction past 
the site, and join the Nkongolwana River about 2.5 km from the site. 
The pilot PTP was designed for the treatment of acid mine drainage (AMD). It was 
constructed in 1996 and originally operated at Vryheid Coronation Colliery (VCC) by 
a company called Pulles Howard and de Lange Inc. (PHD). The original plant 
consisted of six sulphate reducing units (SRU’s). Four SRU’s were small units and two 
were larger units. An aerobic wetland and oxidation cascade supported the functioning 
of the PTP. The pilot PTP monitored the decrease in sulphate concentrations and its 
success was contributed to a Degrading Packed Bed Reactor (DPBR) patented by 
PHD (Molwantwa et al., 2010). 
A full scale mine water treatment plant was commissioned by VCC in August of 2015. 
The planning and construction phase was conducted by Golder Associates Africa 
Research Laboratories (GARL) and Anglo American Thermal Coal, the owners of the 
plant. The plant is currently still managed and monitored by Anglo American Thermal 
Coal. 
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Figure 1: Locality map of the Passive Treatment Plant of Vryheid Colliery (Golder, 2013) 
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3.2 Plant layout 
The PTP is located 3.2 km from the West Adit and it’s accessible via the R69 between 
Vryheid and Louwsburg. The PTP is designed to treat 200 m3 of acid water per day. It 
contains a number of sub units presented below and is also indicated in Figure 1. 
1) Inlet water house with molasses dosing area, 
2) Splitter box, 
3) A Degrading Packed Bed Reactor (DPBR), 
4) Three aeration cascades, 
5) One scrubber unit, 
6) Three limestone reaction units, and 
7) One aerobic wetland. 
The first component of the plant includes the inlet of West Adit water via a pipeline 
flowing towards a molasses dosing room. This room consists of four 1 000 litre 
molasses holding tanks. These tanks are linked to the 260 litre molasses dosing tank 
(Figure 3). 
The second component includes the splitter box that is made out of three sections and 
a flow control V-notch. 
There third component is the DPBR unit (Figure 4). The DPBR unit is linked to the 
fourth component which is the control box. 
The fifth component, an outlet box, is also linked to the DPBR. 
The sixth component is the aeration cascade unit and there are three aeration 
cascades under this component. 
The scrubber unit as the seventh component, is linked to the sixth component and the 
three limestone reactors, which forms the eight component. 
The last (and ninth) component is the aerobic wetland (Figure 5). 
There can be either a valve, V1 to V15, (Figure 2) or a sample point, S1 to S10, (Figure 
2) or both, located at each component for control (valve) and monitoring (sample 
point). 
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Figure 2: A schematic layout of the Passive Treatment Plant. (The directions of the 
arrows indicate the flow of water. S1 to S10 indicate sampling point 1 to sampling point 
10. Valve 1 to Valve 15 indicate valve number 1 to valve number 15 associated with 
the sampling points). 
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Figure 3: The molasses dosing room and splitter box (Photo by S. Mgolozeli, 2016) 
 
Figure 4: The Degrading Packed Bed Reactor unit (Photo by S. Mgolozeli, 2016) 
1. 
2. 
3. 
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Figure 5: Control box (4), the outlet box (5), the aeration cascade 1, 2 and 3 (6), the 
scrubber unit (7), the limestone reactor 1, 2 and 3 (8), the aerobic wetland 
(9) and the clean water dam (10). (Photo by S. Mgolozeli, 2016) 
3.3 Water flow through the PTP. 
Water will flow through the following components of the PTP: 
 Pipeline; 
 Molasses dosing room; 
 Degrading Packed Bed Reactor (DPBR); 
 Aeration cascades; 
 Scrubber unit; 
 Limestone reactor units; and 
 Aerobic wetland. 
10.  
9.  
8.  
7.  
6. 
5. 
4.  
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Pipeline 
A 2.3 km long pipeline transports AMD from the West Adit to the PTP. The pipeline 
starts where the West Adit water joins the KwaNotshelwa River. Water enters the 
pipeline when it reaches the pipeline inlet valve. There is a main pipeline that transport 
water to the plant and a bypass pipeline that discharge excess water to KwaNotshelwa 
River. 
The AMD from the West Adit has been diverted away from KwaNotshelwa River water 
flow. The pipeline to the plant was placed below ground to protect it from vandalism. 
The pipeline route has been excavated and was covered by crushed stones. The pipe 
is made of plastic and it is wrapped with biderm (liner) material (protecting the pipe 
from any damages). The crushed stones and biderm protect the plastic pipe from any 
possible environmental damages or human interference. 
 
Molasses dosing room 
Flow of water to the plant is controlled using the molasses room supply valve, V2. The 
water level is controlled to allow a required water level of 200 m3 per day to go through 
the molasses dosing room (Figure 2 and Figure 3). When the water from the West Adit 
is above the required level, it’s allowed to bypass the molasses dosing room and 
controlled by the main feed control valve, V1. The excess water bypass the inlet and 
flows directly to the DPBR. At the molasses dosing room there are four (4) 1 000 litre 
molasses holding tanks. These holding tanks are linked to the 260 litre molasses 
dosing tank through a float control valve that maintains a constant level of diluted 
molasses in the dosing tank. 
Diluted molasses is prepared by mixing two 25 kg containers of molasses with 125 m3 
of water per day in the holding tank. When the volume of water is above 125 m3, four 
25 kg containers of molasses need to be used to increase the diluted molasses. During 
the dilution of the molasses, the inlet valve, V2, to the holding tank and outlet valve 
from the holding tank, V3, are closed. The inlet valve will be opened at a later stage to 
allow water from the West Adit to fill the holding tanks halfway, and then it’s closed 
again. The molasses in the holding tank is then mixed for about 10 minutes. 
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Splitter Box 
The water from the holding tank in the molasses dosing room flows to the splitter box 
(Figure 2 and Figure 3). The splitter box consists of three sections. The first section 
receives water from the holding tanks; the second section receives bypassed water 
from the West Adit, and the third section receives excess water from the second 
section. Control valve, V3, control the flow rate of diluted molasses from the molasses 
dosing tank into the splitter box. About 100 mL of diluted molasses enter the splitter 
box. The 100 mL is measured using 100 mL measuring cylinder for about 28 seconds. 
The splitter box has a flow control V-notch that controls the flow and level of water that 
enter the first section of the splitter box. The level at the V-notch is measured with a 
30 mm ruler. 
Degrading Packed Bed Reactor 
The DPBR (Figure 2 and Figure 3) is a high rate sulphate reduction unit, packed with 
multiple layers. The DPBR has been filled with selected carbon sources (electron 
donors) available from the surrounding area, but also receives regular inputs of a small 
dosage of readily available “kick-start” carbon such as liquid molasses in the feed. The 
layers for the DPBR includes stone, mesh, wood chips, grass, manure, seed reactors, 
plastic liner and biderm. The DPBR was constructed by excavating an open area in 
the ground in which the reactor layers could be placed. The layers were introduced in 
a certain order and volume. Inlet and outlet rodding pipes are placed on the floor of 
the dam. 
Control Box 
The reactor receives water from the splitter box and the level is controlled by the 
splitter box outlet valve, V4. Water from the reactor flow to the control box and is 
controlled by DPBR outlet control valve, V8. The DPBR also includes an outlet bypass 
valve, V7, at the control box that joins the bypass pipeline to the river. 
Outlet Box 
Below the DPBR there is an outlet box that contains a U-tube (Figure 2 and Figure 5). 
The U-tube controls the level of water in the DPBR at 200 mm above the stone layer. 
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At the outlet box there is a DPBR outlet sample valve, S2, where samples can be 
collected from the DPBR outlet. 
Aeration cascades 
The aeration cascades (Figure 2 and Figure 5) oxidise sulphides and extract passive 
sulphide gas back to the control box to oxidise sulphide gas. The re‐aeration units are 
cascade units designed to introduce oxygen into the water which will convert the 
system from an anaerobic to an aerobic state. It also converts the hydrogen sulphide 
to elemental sulphur. The cascade aeration units are covered by a very thick plastic 
material and fresh air is drawn into the first aeration cascade and then through the 
second and third aeration cascades before entering the scrubber unit where remaining 
sulphur is converted back into sulphate. 
The aeration cascades are built in steps placed at an angle of 90 degrees to allow 
water flow to the next aeration cascade. The steps are laid with limestones as an 
additional treatment mechanism. Inside the unit there is an inlet pipe, V9, and a pipe 
that draws oxygen back to the control box. Each aeration cascade has a sample valve 
called an aeration cascade sample valve, V10 and V11, from where samples can be 
collected from the aeration cascade outlet S3-S5. Water from the aeration cascade 
flows to the scrubber unit for further treatment. 
Scrubber unit 
The scrubber unit (Figure 2 and Figure 5) converts the remaining hydrogen sulphate 
(H₂S) from the aeration cascade into sulphate. The scrubber unit receives water from 
the aeration cascade, V12, and the West Adit water. Water from the West Adit is 
controlled by the scrubber sprayer control valve, V13. The scrubber unit has the 
scrubber water strainer and sprinklers on top of the strainer. Water from the scrubber 
unit flows to the limestone reactor 1. 
Limestone reactors 
The limestone reactor (Figure 2 and Figure 5) aims at improving the pH of the water. 
Limestone reactors are topped with limestone. Each limestone reactor has an inlet 
and outlet pipe. Water samples are taken in at the scrubber outlet, S6, as well as the 
limestone reactor outlets S7-S9. Sampling point S9 (limestone reactor 3 outlet) is also 
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associated with limestone reactor 3 and the sample valve, V14. Water from the 
limestone flows to the aerobic wetland. 
Aerobic wetland 
The aerobic wetland (Figure 2 and Figure 5) aims at removing residual nutrients and 
is designed to operate as a sub‐surface flow wetland to remove residual nitrogen, 
phosphorus and organic compounds. At the outlet of the wetland, limestone is placed 
to aid as the final polishing system before water is discharged into the river. The 
wetland was constructed as a shallow reed-bed, vegetated with cattails, Typha 
latifolia. 
The aeration wetland is associated with the aeration wetland sample valve, V15, which 
allows sampling of the aeration wetland outlet S10. Limestone, placed on the ground 
at the outlet of the aeration wetland, further and finally polish/improve the water quality 
that is discharged into the river. 
 
3.4 Water samples 
Sampling procedure 
Daily water samples were collected in 200 mL plastic containers at each sample point, 
S1 to S10 (Figure 2). Parameters such as temperature, redox and pH were measured 
on a daily basis from September 2015 to September 2016. A Hanna HI 8424 
instrument was used (Figure 6). Different probes for the different water parameters 
were connected to the same instrument. Before and between readings each probe 
was rinsed in distilled water. 
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Figure 6: HANNA HI 8424 instrument 
 
Monthly water samples were collected in one litre bottles from sampling point S1 to 
S10. Water samples were collected from November 2015 to August 2016, but not 
during May and June 2016. During these two months the water flow through the PTP 
was very low due to a persistent drought.  The bottles were prepared by Regen Water 
Laboratory, a SANAS accredited laboratory in Witbank. Samples were sent to the 
same laboratory on the day of sampling. The samples were kept in a cooler box with 
ice to keep it cool during transit. Each bottle was labelled with the sampling point name, 
the date and time of sampling. Standard operating procedures for water analysis were 
followed and included chemical and microbiological analysis, as well as physical 
parameters. 
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The following parameters were addressed: 
 pH; 
 Electrical Conductivity (EC); 
 Total Dissolved Solids (TDS); 
 Calcium (Ca); 
 Magnesium (Mg); 
 Sodium (Na); 
 Potassium (K); 
 Sulphate (SO4); 
 Chlorine (Cl); 
 Fluoride (F); 
 Iron (Fe); 
 Manganese (Mn); 
 Aluminium (Al); 
 Temperature; 
 Ammonium (NH4); 
 Orthophosphate (PO4); 
 Chemical Oxygen Demand (COD); 
 Boron (B); and  
 Nitrate (NO3). 
 
Sampling Points, including names and numbers were as follow: 
 S1: West Adit feed water; 
 S2: DPBR outlet; 
 S3: Aeration cascade 1 outlet; 
 S4: Aeration cascade 2 outlet; 
 S5: Aeration cascade 3 outlet; 
 S6: Scrubber outlet; 
 S7: Limestone reactor 1 outlet; 
 S8: Limestone reactor 2 outlet; 
 S9: Limestone reactor 3 outlet; and  
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 S10: Aerobic wetland outlet. 
 
Valves name and numbers associated with the sampling points are: 
 V1: Main feed control valve; 
 V2: Molasses room supply valve; 
 V3: Molasses dosing control valve; 
 V4: Splitter box outlet valve; 
 V5: Splitter box drainage valve; 
 V6: Splitter box bypass valve; 
 V7: DPBR outlet bypass valve; 
 V8: DPBR outlet control valve; 
 V9: DPBR outlet sample valve; 
 V10: Aeration cascade 1 sample valve; 
 V11: Aeration cascade 2 sample valve; 
 V12: Aeration cascade 3 sample valve; 
 V13: Scrubber sprayer control valve; 
 V14: Limestone reactor 3 sample valve; and 
 V15: Aerobic wetland sample valve. 
 
Water quality results were compared to the Target Water Quality Range (TWQR) of 
the South African Water Quality Guidelines: Volume 4: Agricultural Use: Irrigation 
(WQG/I) (DWAF, 1996a) and the South African Water Quality Guidelines: Volume 5: 
Agricultural Use: Livestock Watering (WQG/LW) (DWAF, 1996b). 
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4. CHAPTER 4: RESULTS 
In Chapter 4 the water quality of the water that passed through the passive treatment 
plant is evaluated. The water quality parameters were compared to the TWQR for the 
WQG/I (DWAF, 1996a) and WQG/LW (DWAF, 1996b). 
In this chapter only parameters with results above the TWQR of the guidelines will be 
presented using graphs. A complete set of data with all the parameters monitored are 
provided in appendices. 
 
4.1 IN-SITU DAILY WATER QUALITY PARAMETERS 
In-situ water quality parameters measured included pH, Temperature and TDS. These 
parameters all presented results above the TWQR for the WQG/I and WQG/LW. 
4.1.1 pH 
pH recorded for all the sampling points (S1 and S10) during the November 2015 to 
August 2016 months were below the maximum TWQR of 8.5 for the WQG/I (DWAF, 
1996a) and WQG/LW (DWAF, 1996b) (Figure 7 and Appendix B: Table 13). Water 
entering from the redundant mine at sampling point S1, for all the monitoring months 
(November 2016 to August 2016), recorded limits below minimum TWQR of 6.4 for 
the WQG/I (DWAF, 1996a) and WQG/LW (DWAF, 1996b). In addition, sampling points 
S2 to S10 for the months of March 2016, April 2016, July 2016 and August 2016 were 
below minimum TWQR of 6.4 and maximum TWQR of 8.5 for the WQG/I and 
WQG/LW (Figure 7 and Appendix B: Table 13). Monitoring months November 2015, 
December 2015, January 2016 and February 2016 recorded pH above the minimum 
TWQR of 6.4 WQG/I (DWAF, 1996a) and WQG/LW (DWAF, 1996b) for S2 to S10. 
The highest pH recorded is 8.01 at S7 in January 2016 (Figure 7 and Appendix B: 
Table 13). 
4.1.2 Temperature 
Temperature recorded for all sampling points (S1 to S10) during November 2015 to 
August 2016 months was below the maximum TWQR of 25°C for the WQG/I (DWAF, 
1996a) and WQG/LW (DWAF, 1996b) (8 and Appendix B: Table 12). Temperature 
recorded in January and February 2016 and July 2016 for all sampling points were 
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below the minimum TWQR of 20°C for the WQG/I and WQG/LW respectively with the 
exception of sampling points S8, S9 and S10 in August 2016 (8 and Appendix B: Table 
12). The maximum temperature recorded was 24.9°C during April 2016 at sampling 
point S9 (8 and Appendix B: Table 12) but was still below the maximum TWQR of 
25°C for the WQG/I (DWAF, 1996a) and WQG/LW (DWAF, 1996b). 
4.1.3 Total Dissolves Solids (TDS) 
Sampling points (S1 to S10) for all monitoring months (November 2015 to August 
2016) were above both the TWQR of 40 mg/L for the WQG/I (DWAF, 1996a) and the 
TWQR of 1 000 mg/L for the WQG/LW (DWAF, 1996b) (Figure 9 and Appendix B: 
Table 14). Monitoring months November 2015, December 2015 and March 2016 for 
sampling points S1 to S10, excluding S2 in December 2015, recorded the same TDS 
level. The maximum level recorded was 2 322 mg/L in August 2016 at S10 (Figure 9 
and Appendix B: Table 14). 
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Figure 7: Monthly pH determined for sampling points S1 – S10 from monitoring months November 2015 until August 2016 (-----
Target Water Quality Results of 6.5 pH for the Water Quality Guideline for Irrigation and ----- Target Water Quality Results 
of 8.4 pH for the Water Quality Guideline for Livestock Watering) 
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Figure 8: Monthly Temperature (°C) determined for sampling points S1 – S10 from monitoring months November 2015 until 
August 2016 (-----minimum Target Water Quality Results of 20°C Temperature for the Water Quality Guideline for 
Irrigation and Water Quality Guideline for Livestock Watering and ----- maximum Target Water Quality Results of 25°C 
Temperature for the Water Quality Guideline for Irrigation and Water Quality Guideline for Livestock Watering) 
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Figure 9: Monthly Total Dissolved Solids determined for sampling points S1 – S10 from monitoring months November 2015 until 
August 2016 (-----Target Water Quality Results of 40 mg/L Total Dissolved Solids for the Water Quality Guideline for 
Irrigation and ----- Target Water Quality Results of 1000 mg/L Total Dissolved Solids for the Water Quality Guideline for 
Livestock Watering). 
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4.2 MONTHLY GENERAL WATER QUALITY PARAMETERS 
General water parameters were monitored on a monthly basis and included 
Orthophosphates (PO4), Chemical Oxygen Demand (COD), Nitrates (NO3), Sulphate 
(SO4) and Ammonium (NH4). No WQG is currently available for Orthophosphates 
(PO4) and Chemical Oxygen Demand (COD). Sulphates and ammonium were the only 
general water parameters with results above the TWQR for WQG/LW. Refer to 
Appendix A, Appendix B and Appendix C. 
4.2.1 Sulphate (SO4) 
Sampling point S1 recorded results above the TWQR of 1 000 mg/L SO4 (DWAF, 
1996b) for the WQG/LW for all the monitoring months (November 2015 to August 
2016) (Figure 10 and Appendix B: Tables 15). In addition, sampling points S2 to S10 
for monitoring months March 2016, April 2016, July 2016 and August 2016, with the 
inclusion of S10 in February 2016, were also above the TWQR of 1000 mg/L SO4 for 
the WQG/LW (DWAF, 1996b). The maximum level recorded was at S1 in February 
2016 and it is 1 596 mg/L (Figure 10 and Appendix B: Tables 15). 
4.2.2 Ammonium (NH4) 
The highest NH4 result was recorded at sampling point S4 in July of 70 mg/L (Figure 
11 and Appendix B: Table 20). This result was also above the TWQR of 5.0 mg/L for 
the WQG/I (DWAF, 1996a). Sampling point S1 recoded all values below the TWQR of 
5.0 mg/L for the WQG/I. Sampling points S2 to S10 recorded values above the TWQR 
of 5.0 mg/L for the WQG/I (DWAF, 1996a) during November and December 2015 and 
March and July 2016 (Figure 11 and Appendix B: Table 20). 
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Figure 10: Sulphate concentrations determined for sampling points S1 – S10 from monitoring months November 2015 until August 
2016 (----- Target Water Quality Results of 1 000 mg/L Sulphate for the Water Quality Guideline for Livestock Watering). 
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Figure 11: Ammonium concentrations determined for sampling points S1 – S10 from monitoring months November 2015 until 
August 2016 (----- Target Water Quality Results of 5.0 mg/L Ammonium for the Water Quality Guideline for Irrigation) 
0
10
20
30
40
50
60
70
80
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10
A
m
m
o
n
iu
m
 (
N
H
4
) 
m
g
/
L
SAMPLING POINTS
AMMONIUM (NH4) 
15-Nov
15-Dec
16-Jan
16-Feb
16-Mar
16-Apr
16-Jul
16-Aug
 22 | P a g e  
 
4.3 MONTHLY METAL ANALYSIS 
The following metals were monitored on a monthly basis: 
 Calcium (Ca). 
 Magnesium (Mg). 
 Sodium (Na). 
 Potassium (K). 
 Iron (Fe). 
 Manganese (Mn). 
 Aluminium (Al). 
 Chlorine (Cl). 
 Boron (B). 
The following metals presented results that were above the TWQR for the WQG/I and 
WQG/LW and are discussed below and in Appendix B and Appendix C: 
 Calcium (Ca). 
 Magnesium (Mg). 
 Iron (Fe). 
 Aluminium (Al). 
The following metal results were below the TWQR for the WQG/I and WQG/LW. 
Original data can be viewed in Appendix C: Figure 21, Figure 23 and Figure 24 
respectively, 
 Sodium (Na). 
 Chlorine (Cl). 
 Boron (B). 
No WQG information for Irrigation and Life stock Watering is available for Potassium 
(K). 
4.3.1 Manganese (Mn) 
Manganese results for S1 to S10 during most of the sampling months exceeded the 
TWQR of 0.02 mg/L Mn for the WQG/I (DWAF, 1996a) and the TWQR of 10 mg/L Mn 
for the WQG/LW (DWAF, 1996b) (Figure 12 and Appendix B: Table 16). 
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Figure 12: Manganese concentrations determined for sampling points S1 – S10 from monitoring months November 2015 until August 
2016 (----- Target Water Quality Results of 0.02 mg/L Manganese for the Water Quality Guideline for Irrigation and ----- 
Target Water Quality Results of 10 mg/L Manganese for the Water Quality Guideline for Livestock Watering). 
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Figure 13: Iron concentrations determined for sampling points S1 – S10 from monitoring months November 2015 until August 
2016 (----- Target Water Quality Results of 5 mg/L Iron for Water Quality Guideline for Irrigation and ----- Target Water Quality 
Results of 10 mg/L Iron for the Water Quality Guideline for Livestock Watering).
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4.3.2 Iron (Fe) 
Iron results for sampling point S1 for all the monitoring months (November 2015 to 
August 2016) were above both the TWQR of 5.0 mg/L for the WQG/I (DWAF, 1996a) 
and the TWQR of 10.0 mg/L for the WQG/LW (DWAF, 1996b) (Figure 13 and 
Appendix B: Table 17). Sampling points S2 to S5 during July 2016 and sampling points 
S2 and S5 during April were also above TWQR for the WQG/I and WQG/LW (Figure 
13 and Appendix B: Table 17). 
4.3.3 Calcium (Ca) 
During December 2015 Ca results at all the sampling points (S1 to S10) were above 
the TWQR of 1000 mg/L for the WQG/LW (DWAF, 1996b) (Figure 14 and Appendix 
B: Table 18). 
4.3.4 Aluminium (Al) 
Aluminium results at sampling point S1 was above the TWQR of 5.0 mg/L for both the 
WQG/I (DWAF, 1996a) and WQG/LW (DWAF, 1996b) at all monitoring months 
(November 2015 to August 2016). In April 2016, sampling points S5, S6, S7 and S9 
were above the TWQR for the WQG/I (DWAF, 1996a) and WQG/LW (DWAF, 1996b) 
(Figure 15 and Appendix B: Table 19). 
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Figure 14: Calcium concentrations determined for sampling points S1 – S10 from monitoring months November 2015 until August 
2016 (----- Target Water Quality Results of 1000 mg/L Calcium for the Water Quality Guideline for Livestock Watering). 
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Figure 15: Aluminium concentrations determined for sampling points S1 – S10 from monitoring months November 2015 until August 
2016 (----- Target Water Quality Results of 5 mg/L Aluminium for the Water Quality Guideline for Irrigation and Target 
Water Quality Results of 5 mg/L Al for the Water Quality Guideline for Livestock Watering). 
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5 CHAPTER 5: DISCUSSION  
Evaluating the effectiveness of the VCC West Adit Passive Water Treatment Plant 
focussed mainly on water quality assessed during this study. Three seams were mined 
at VCC. After mining ceased, the overlying strata collapsed and broke up, manifesting 
itself as cracks and subsidence on the surface resulting in precipitation and runoff into 
the VCC West Adit underground workings. The water acidified due to the presence of 
sulphates leading to the dissolution of available heavy metals (Pules et al., 2016). The 
decant water finds its way to a mine opening somewhere on the lower outcrop and 
acidic decant entered the plant and passed through different treatment components 
(Pules et al., 2016). 
The water quality parameters focused on during this study were compared to the 
Target Water Quality Range (TWQR) of the South African Water Quality Guidelines 
for Irrigation (WQG/I) (DWAF, 1996a) and South African Water Quality Guidelines for 
Livestock Watering (WQG/LW) (DWAF, 1996b) in this chapter. 
The main emphases will be on the output water quality at S10 sampling point, since 
this water will be used for irrigation and or livestock watering. Therefore, S10 will be 
assessed and compared to inlet water at sampling point S1, where after mitigation 
measures for the impact it might have, will be discussed. 
5.1 WATER QUALITY RESULTS 
5.1.1 In-Situ Water Quality Parameters 
5.1.1.1 pH 
The pH of a solution is the negative logarithm to the base ten of the hydrogen ion 
concentration (DWAF, 1996a and b). At pH less than 7, water is acidic, while at pH 
more than 7 water is alkaline. 
Monthly water pH data for November and December 2015, January 2016 and 
February 2016, was above the minimum TWQR of 6.4 for the WQG/I (DWAF, 1996a) 
and WQG/LW (DWAF, 1996b) from S2 to S10 (Figure 7, Appendix B: Table 13 and 
Figure 7). The highest pH recorded was at S7 (8.01) in January 2016 (Figure 7, 
Appendix B: Table 13 and Figure 7). 
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Recorded pH for inlet water at S1 is acidic with a pH of 2.9 (Figure 7, Appendix B: 
Table 13 and Figure 7). As this water passes through different components of the 
plant, the pH changes from acidic to neutral and then alkaline. 
There is an increase in pH from S1 to S2. At this point the inlet water has passed 
through the Degrading Packed Bed Reactor (DPBR). Bacterial activity in the DPBR 
created an anaerobic environment, resulting in the reduction of sulphates to sulphides 
and this resulted in the neutralisation of the water (pH 5.4 – 7.2). An increase in pH 
was observed as the water passed through the aeration cascades due to an aerobic 
environment (S3 – S5) and remained consistent through the rest of the PTP until it 
reached S10 (Figure 7, Appendix B: Table 13 and Figure 7) (Pules et al., 2016).  
Water at the outlet (S10) is alkaline (maximum pH of 8) and suitable for livestock 
watering. It also falls within the TWQR for both WQG’s (DWAF, 1996a and b). During 
the summer months, the use of water for irrigation usually decrease as these months 
receive seasonal rains. Despite the pH outcome, rainwater will have a dilution effect 
on the treated water. Since rainwater has a pH between 5 and 6 (Liljestrand, 1985), it 
may even bring the pH of the water to be used down to neutral. In addition, the source 
of water will also be diluted with rainwater before it’s used for both livestock water and 
irrigation. 
When the pH of water is either above or below the TWQR limits for the WQG’s, plants 
may be affected negatively due to the solubility and bio-availability of many plant 
nutrients as well as potentially toxic components (DWAF, 1996a). Many of these 
factors are highly dependent on pH. Most micro-nutrients and metals are unavailable 
for plant uptake at high soil pH, while available (often at toxic concentrations) at lower 
pH levels (DWAF, 1996a). 
In the aquatic environment, pH of water affects the solubility of many toxic and nutritive 
chemicals; therefore, the availability of these substances to aquatic organisms is 
affected (Sheridan et al. 2013). As acidity increases, most metals become more water 
soluble and more toxic. According to Sheridan et al. (2013), toxicity of cyanides and 
sulphides increases with a decrease in pH (increase in acidity). 
The plant effectively treated pH and the water is suitable for irrigation and livestock 
watering. 
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5.1.1.2 Temperature 
Temperature is a physical characteristic of water and can be used to describe water 
quality. Temperature can also contribute to whether water is deemed palatable or 
unpalatable for livestock and suitable for irrigation during crop production. 
Temperature plays a role in different parameters since it can determine the limit or 
level of other parameters (DWAF, 1996a and 1996b). Therefore, when the 
temperature is below the TWQR of the WQG’s, it will have little effect on other 
parameters. 
Monthly water temperature results for the study period were above the minimum 
TWQR 20°C for the WQG/I (DWAF, 1996a) and WQG/LW (DWAF, 1996b) for most of 
the sampling months. During January and February 2016 however, the water 
temperature from S1 to S10 was below 10°C (8, Appendix B: Table 12 and Figure 8: 
Figure 3). According to Pules et al. (2016), when the water temperature drops below 
12°C at a PTP, the process of water remediation slows down and in the end still 
continues but at a slower rate. 
Water temperature variation from one site to the next is very little, the increase is 
natural (external/ environmentally) and cannot be altered by the plant 
processes/treatment as the facility is exposed to natural sunlight. 
When the air temperature increases above 4.4°C, cattle consume additional water 
based on dry matter consumption (DWAF, 1996a). Cattle typically prefer drinking 
water at temperatures between 4.4°C and 18.3°C (DWAF, 1996a). According to 
Higgins et al. (2008), when the atmospheric temperature is more than 27°C, water and 
feed intake rates of cattle often decrease, affecting animal productivity. On hot summer 
days, the temperature of water sources located in direct sunlight can quickly increase.  
Within the PTP, water temperature remained below the maximum temperature TWQR 
of 25°C for both the WQG/I (DWAF, 1996a) and WQG/LW (DWAF, 1996b) and the 
water is suitable for irrigation and livestock watering. In addition, temperature from the 
PTP will have no or little influence on other parameters. 
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5.1.1.3 Total Dissolved Solids (TDS) 
Total Dissolved Solids measures the quantity of different inorganic salts dissolved in 
water. Water used for irrigation purposes containing salt, usually induces salt into the 
soil profile (DWAF, 1996b, Dallas and Day, 2004). According to DWAF (1996a), salt 
accumulates in the soil and saline soil is formed specifically when no or little leaching 
of salt takes place from the soil profile. Crop yield is reduced when plants are grown 
in salt-affected soils because of crops’ sensitivity to soil salinity (DWAF, 1996a). Crops 
cannot be grown successfully under conditions of extreme soil salinity. 
The monthly water TDS results for sampling points S1 to S10 were above the TWQR 
of 40 mg/L for the WQG/I (DWAF, 1996a) and the TWQR of 1000 mg/L for the 
WQG/LW (DWAF, 1996b). The maximum value recorded was 2 322 mg/L in August 
2016 at S10 (Figure 9, Appendix B: Table 14 and Figure 9). 
From the current study it is evident that the PTP is not treating (reducing) TDS 
effectively. If this is to continue, the water will need to be treated additionally in order 
to reduce TDS levels to an acceptable level below the TWQR for the WQG/I and 
WQG/LW before it can be used for irrigation and livestock watering. The current TDS 
results are not suitable for use as intended. 
When water with a high TDS is not treated before it is used for irrigation, crop yield will 
be affected, since many crops are sensitive to water-induced soil salinity (DWAF, 
1996b). The presence of dissolved salts in soil water reduces the physiological 
availability of water to plants (DWAF, 1996a). Salinity-induced water stress develops 
when the salt content reaches a concentration where a plant is no longer able to 
extract sufficient water for its requirements and the growth rate declines. If this 
continues for a significant period, crop yield will also decline (DWAF, 1996a). Soil 
salinity at which plant growth starts to decline, is defined as the threshold salinity.  
According to Higgins et al. (2008), elevated levels of dissolved salts may result in 
reduced feed intake, causing a decrease in growth rates of cattle. Cattle tend to 
become acclimated to small changes in salinity, but large increases can result in 
illness or even death. Higgins et al. (2008), further confirmed that saline waters in 
which the causative agent is sulphate, may reduce milk production while waters high 
in sodium may not have any effects. 
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Mitigation measures should be part of general on-farm management practices. This 
will allow a farmer to cope with the effects of increased salinity of irrigation water. 
Irrigation water high in salts will reduce crop yield and affect the quality of the crops. 
Including surplus irrigation water in addition to crop water requirements, will leach 
accumulating salts out of the soil and increase the leaching fraction. Farmers may 
however, also consider the following: 
 Changing to crops which are more salt-tolerant, 
 Planting annual crops at higher density, 
 Switching to a higher frequency irrigation application, and 
 Using irrigation only to supplement rainfall which will improve crop production 
according to DWAF (1996a and b). 
Although some salts, such as those of calcium, magnesium and certain metals can be 
removed by chemical precipitation, most of the inorganic salts dissolved in water can 
only be removed by distillation or by highly sophisticated physical-chemical separation 
technologies (DWAF, 1996a). All these technologies are characterised by high cost 
and/or high energy requirements. 
All natural waters contain some dissolved solids due to the dissolution and weathering 
of rock and soil. Dissolved solids are determined by evaporating a known volume of 
water and weighing the residue. According to Piramid Consortium (2003), some but 
not the entire dissolved solids, act as conductors and contribute to conductance. 
Waters with high TDS are unpalatable and potentially unhealthy to plants and animals. 
5.2.1 General Water Quality Parameters 
5.2.1.2 Ammonium (NH4) 
Ammonium water quality results recorded were below the TWQR of 5 mg/L for the 
WQG/I (DWAF, 1996a) at Sampling point S1 (input water) during all the sampled 
months. Ammonium results at the rest of the sampling points of the plant presented 
results above the TWQR of 5 mg/L for the WQG/I during December 2015 and July 
2016 (Figure 4.5). A maximum NH4 concentration was observed at S4 during July 
2016 of 70 mg/L (Figure 11). 
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Water flowing from S1 to S2 passed through the DPBR. The DPBR contains a 
specified mixture of lignocelluloses material layers and a variety of acidophilic bacteria 
and sulphate reducing bacteria (SRB) (Pules et al., 2016). The activities of the bacteria 
result in an anaerobic environment that facilitates the neutralisation of the mine water 
and the precipitation of metals such as aluminium and iron (Pules et al., 2016). The 
bacterial activity may also contribute to an increase in ammonia concentrations due to 
possible inorganic decomposition taking place. The presence of both the bacteria and 
ammonia are not limited to the DPBR, but is part of the components present in the 
water as it passed through the PTP. From S3 to S5 the water passed through the re‐
aeration units. The first re-aeration unit is open to the atmosphere and introduce 
oxygen into the water to convert an anaerobic environment into an aerobic 
environment. The second and third units are closed units but the aerobic environment 
remains the same. Water then flows towards to the biological H₂S scrubber unit 
(designed to remove excess sulphides), then towards the three limestone reactors 
operating in series to polish the pH and finally through the aerobic wetland. The type 
of bacteria may change as the water moves through the PTP, as decomposition is 
taking place and chemical compounds in the water are reduced with ammonia as one 
of the end products. 
Ammonium is an important source of nitrogen for plants. Ammonia and nitrate are 
taken up by plants cells via ammonium transporters in the plasma membrane and 
distributed to intracellular compartments such as chloroplast. Nitrate is converted back 
to ammonia and is essential in the formation of amino acids (Taylor et al., 2018). 
5.2.1.3 Chemical Oxygen Demand (COD) 
Chemical Oxygen Demand does not differentiate between biologically available and 
inert organic matter, and it is a measure of the total quantity of oxygen required to 
oxidize all organic material into carbon dioxide and water. Furthermore, COD is useful 
in terms of water quality by providing a metric to determine the effect an effluent will 
have on the receiving body. Inlet water at S1 has low COD, but as the water flows 
through the PTP, the COD results indicate various chemical reactions taking place 
form S2 to S8. These chemical reactions include the neutralisation of acidic water, 
reduction of sulphate to sulphide and precipitation of Fe and Al in the DPBR (S2), as 
well as oxidation of H2S to S and sulphates in the aeration cascades (S3 to S5) and 
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into the limestone reactors (S6 to S8). The results further on at S9 and S10 showed 
fewer chemical reactions as the water moved through the aeration wetland and into 
the river.  
Chemical Oxygen Demand water quality results recorded varied within each 
component of the PTP as well as between different components during the sampling 
months (from 1 to 725 mg/L) (Appendix C: Figure 18) 
5.2.1.4 Fluoride (F) 
According to DWAF (1996a and b), the most serious effect of F is usually not its effect 
on plant growth, but rather its effect on animals and humans that consume plants that 
have accumulated fluoride. Plant roots mostly exclude fluoride, but some accumulate 
large amounts (DWAF, 1996a and b). 
Fluoride results recorder were below the TWQR of 2.0 mg/L for both the WQG/I 
(DWAF, 1996a) and WQG/LW (DWAF, 1996b) during all the sampling months at all 
the sampling points, especially at S1 as very little concentrations of F were recorded. 
The different units of the plant show chemical reactions in which F may take part in, 
resulting in the fluctuation of the recoded results or concentration. As the water enters 
into the river, F results for S10 were below 2.0 mg/L the TWQR for the WQG/I and the 
water with regards to F is safe to be used for irrigation a livestock watering (Appendix 
C, Figure 16). 
5.2.1.5 Nitrate (NO3) 
Nitrate in mammal diets can result in a decrease in feed intake due to food having an 
unpleasant taste (DWAF, 1996b). Nitrate does not present direct toxic effects, but its 
reduced form, nitrite, does. Nitrites are between 10 - 15 times more toxic than nitrate 
according to DWAF (1996b). Nitrate is readily absorbed through the roots of plants as 
mineral ions dissolved in the soil water. Nitrate is a plant nutrient involved in protein 
synthesis and supporting the immune system. 
Very low NO3 water quality results were recorded (Appendix C: Figure 19). Small 
amounts of NO3 may be produced during the chemical processes in the PTP and 
effluent from S10 can be used for irrigation purposes and livestock watering. 
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5.2.1.6 Orthophosphate (PO4) 
Orthophosphate results for the sampling points recorded varied between 0.46 and 
10.88 mg/L during all the sampling months (Appendix C: Figure 17). A systematic 
decrease in PO4 could be observed from S6 to S10. 
Orthophosphates are produced by natural processes such as decomposition and are 
found in sewage (DWAF, 1996b, Stapleton et al., 2000, Chahinian et al., 2012). From 
S2 to S5, PO4 was part of the chemical reactions in the DPBR and re-aeration units, 
but the concentration decreases through the final processes of the PTP.  
This form of phosphorus is absorbed by plants and consumed by animals and 
promotes growth in these organisms (Dallas and Day, 2004). Orthophosphate is a 
reactive phosphate. Increase in concentrations will result in algal blooms causing 
eutrophication of freshwater environments (Dallas and Day, 2004). These algal 
blooms reduce sunlight and oxygen levels impacting negatively on the survival of 
aquatic organisms. 
5.2.1.7 Sulphate (SO4) 
Sulphate forms salts with various cations such as K, Na, Ca, Mg, Br, Pb and Am 
(DWAF, 1996b). Sulphur is essential for life, mainly as a component of amino acids, 
saliva, bile and the hormone insulin (DWAF, 1996b, Dallas and Day, 2004). Water with 
excessive amounts of sulphate is unpalatable and ingestion thereof typically results in 
diarrhoea in animals (Meyer et al., 1997). Elevated levels of these salts in water may 
cause cattle to stop drinking this water due to its unacceptable taste (Higgins et al., 
2008). The degree of sulphate tolerance depends on species, age, adaptation period 
and the principal cations associated with the sulphate ion (DWAF, 1996b). Symptoms 
associated with insufficient dietary sulphur are retarded growth and reduced wool 
growth (DWAF, 1996b). 
Monthly SO4 water results for sampling points S1 to S10 indicated levels above the 
TWQR of 1000 mg/L for the WQG/LW (DWAF, 1996b) from November 2015 to August 
2016 (Figure 10, Appendix B: Table 15 and Figure 10). The maximum concentration 
recorded was at S1 in December 2015 of 1 596 mg/L (Figure 10, Appendix B: Table 
15 and Figure 10). The SO4 concentrations in the water varied through the different 
stages of the plant. 
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Water entering the PTP at S1 for the sampling period presented SO4 concentrations 
continuously above the TWQR for the WQG/LW (DWAF, 1996b). During the formation 
of AMD, sulphides are oxidised to sulphates which eventually forms sulphuric acid. 
Thus, sulphate is an active chemical element in AMD. At S2, the water has already 
passed through the DPBR where bacterial activities created an anaerobic environment 
resulting in neutralisation of the water, reduced sulphates to sulphides and caused the 
precipitation of metals (Pules et al., 2016). Water then moved through the re-aeration 
units (S3 to S5) and the re-introduction of oxygen resulted in an aerobic environment 
where sulphides were oxidised to elemental sulphur and sulphates (Pules et al., 2016). 
Before S6 a scrubber unit was installed to remove excess sulphides. Sulphate 
concentrations for S2 to S10 were below the TWQR for the first few sampling months 
indicating that the different components of the PTP were functional. An increase in 
sulphate concentrations to above the TWQR of the WQG/LW were evident from March 
to August 2016. From these results it appears that the PTP was effectively treating 
sulphate concentrations during the first few months of the study, while insufficient 
treatment may be possible from March to August 2016 (Figure 10, Appendix B: Table 
15 and Figure 10). It should be kept in mind that the PTP has been in operation for 
less than a year and the various components are still adjusting to function at an 
optimum. 
The following sulphate removal processes based on DWAF (1996a) can be 
considered for treatment of the outflow water with the purpose that the water can be 
used for livestock watering:  
 Precipitation with calcium or barium salts followed by settlement and filtration to 
remove the insoluble calcium or barium sulphate. 
 Desalination technique in which scaling due to insoluble sulphate can be avoided 
or tolerated. These include the following: 
 Demineralisation in mixed-bed ion exchange columns. 
 Membrane treatment by reverse osmosis or electro dialysis. 
 A range of distillation processes. 
 37 | P a g e  
 
5.3.1 Metal Water Quality Parameters 
5.3.1.1 Aluminium (Al) 
Aluminium does not appear to be an essential nutrient for mammals and is for practical 
purposes non-toxic. It is the most common metal in the earth's crust and it does not 
occur in the elemental form, but is present as a mineral, particularly as a silicate of 
aluminium that occurs widespread (Delhaize and Ryan, 1995, DWAF, 1996a). 
Aluminium (Al) water quality results recorder were below the TWQR of 5 mg/L for the 
WQG/I (DWAF 1996a) and WQG/LW (DWAF 1996b) during all the sampling month at 
all the sampling points (Figure 15, Appendix B: Table 19 and Figure 15). 
Aluminium is a metal present in AMD and therefore the water entering the PTP at S1 
contained aluminium concentrations above the TWQR of 5 mg/L for both the WQG’s 
from November 2015 to August 2016 (Figure 15, Appendix B: Table 19 and Figure 
15). In April 2016, sampling points S5, S6, S7 and S9 were above the TWQR of 5 
mg/L for the WQG/I (DWAF, 1996a) and the WQG/LW (DWAF, 1996b) (Figure 15, 
Appendix B: Table 19 and Figure 15).  
According to Pules et al. (2016), bio‐neutralisation technology is a strictly biological 
process utilising bacterial processes. The DPBR part of the PTP before S2, were 
stocked with a variety of acidophilic and sulphate reducing bacteria (Pules et al., 
2016). The functioning of the DPBR included creating an anaerobic environment, 
neutralising the water, resulting in precipitation of metals such as aluminium. 
Aluminium effectively precipitates in the DPBR with aluminium concentrations from S3 
to S10 below the TWQR except for the month of April 2016. Therefore, the water that 
is disposed of contains aluminium concentrations that is considered safe to be used 
for both irrigation and livestock watering. 
5.3.1.2 Boron (B) 
Boron is an essential plant nutrient but becomes toxic to plant growth at higher 
concentrations that are above 5.0 mg/L (DWAF 1996a and b, Brown and Shelp, 1997). 
The symptoms of boron toxicity usually occur as yellowing on older leaves also known 
as chlorosis, spotting or drying of leaf tissue at the tips and edges. 
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Boron (B) water quality results recorded were below the TWQR of 0.5 mg/L for the 
WQG/I (DWAF 1996a) and 5.0 mg/L for the WQG/LW (DWAF 1996b) during all the 
sampling months at all the sampling points (Appendix C: Figure 24). There is very little 
Boron present in the inflow water, as the observed maximum concentration at S1 of 
0.24 mg/L and at S10 of 0.12 mg/L showed (February 2016) (Appendix C: Figure 24). 
The PTP is thus effectively reducing Boron to remain below TWQR for the WQG/I 
(DWAF 1996a) and WQG/LW (DWAF 1996b). The water is therefore suitable for 
irrigation and livestock watering. 
5.3.1.3 Calcium (Ca) 
Calcium is an alkaline earth metal and exists as the double positively-charged ion Ca 
(II) (DWAF, 1996b). Calcium occurs naturally in varying concentrations in most waters 
and is, together with magnesium, one of the main components resulting in water 
hardness. Soft waters contain low concentrations of calcium, while hard waters contain 
high concentrations of calcium (DWAF, 1996b). If water is not treated, the effect of 
excessive exposure may differ between animals, but it also depends on the size of the 
animal. 
Calcium is an essential element for all living organisms, is an important constituent of 
the bony skeleton of mammals and regulates ion in muscles contraction which consists 
of phosphates of calcium (DWAF, 1996b, White and Broadley, 2003). Most of the 
additional absorbed calcium that is not required by animals, is excreted through urine. 
Preventing the absorption of excess calcium, is effectively controlled by the absorption 
function of the small intestine in many mammals. If water is not treated, the effect of 
excessive exposure may differ between animals, but it also depends on the size of the 
animal. 
Since calcium occurs naturally, it is rare to be found in limited concentrations, not much 
calcium is present in the inflow water. It is therefore not harmful to livestock consuming 
water with calcium present. However, concentrations above 2 00 mg may be harmful 
to animals due to adverse chronic effect that will occur such as hypercalcemia, 
palatability effects, decline in water and feed intake and weight loss (DWAF, 1996b). 
Monthly calcium water results presented concentrations from S1 to S10 being above 
the TWQR of 1000 mg/L for the WQG/LW during December 2015 (Figure 14, 
Appendix B: Table 18 and Figure 14). For the rest of the sampling period, calcium 
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concentrations were below the TWQR of the WQG/LW (DWAF, 1996b). Since calcium 
occurs naturally, it is rare to be found in limited concentrations. It is therefore not 
harmful to livestock consuming water with calcium present. 
According to DWAF (1996b), if high concentrations of calcium are present in water, it 
must be treated before use. Calcium is commonly removed from water using treatment 
processes suitable for softening hard water. These include: 
 Precipitation of calcium as calcium carbonate by the addition of sodium 
carbonate.  
 Cation exchange softening is used to replace the calcium and magnesium if 
present in the water with sodium in ion exchange columns regenerated with 
sodium chloride brine. 
 Demineralisation in mixed-bed ion exchange columns will remove all calcium 
ions together with other ions in solution, where particularly low salinity water is 
required. 
The same result may be obtained using a range of desalination techniques such as 
membrane treatments or distillation, but these may be subjected to scaling problems, 
particularly in the presence of carbonate or sulphate ions (DWAF, 1996b). 
5.3.1.4 Chlorine (Cl) 
Chlorine (Cl) water quality results recorded were below the TWQR of 100 mg/L for the 
WQG/I (DWAF 1996a) and 1 500.0 mg/L for the WQG/LW (DWAF, 1996b). Chlorine 
concentrations at S1 was below the detection limit for the analysis. As the water 
passed through the system, chemical reactions at the DPBR before S2, and the re-
aeration units between S3 to S5, resulted in chlorine concentrations to be above the 
TWQR of 100 mg/L for the WQG/I (DWAF 1996a) from November 2015 to January 
2016 (Appendix C: Figure 23). This reaction correct itself back to below the TWQR 
when the water passed the three limestone reactors for pH adjustment, and an aerobic 
wetland to remove residual nutrients. Since chlorine is not part of the treatment 
process, any excess chlorine is systematically reduced by the PTP to concentrations 
below the TWQR for both WQG’s. The water is suitable for both irrigation and livestock 
watering. 
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5.3.1.5 Iron (Fe) 
Iron can be present as dissolved ferric iron, Fe (III), as ferrous iron, Fe (II) or as 
suspended iron hydroxides in water (DWAF, 1996a). Since most soils are naturally 
rich in iron, its concentration in the soil is determined primarily by soil pH and soil 
aeration. This in turn determines the oxidation state and thus solubility of iron (DWAF, 
1996a). The iron content of irrigation water has a negligible effect on the iron 
concentration in soil water, except in the case of soils with low natural iron content. 
When iron precipitates and dissolve in irrigation water, it causes damaging deposits 
on leaves and results in the clogging of irrigation equipment (DWAF, 1996a). Iron is 
an essential constituent of most living organisms and plays an important role in 
metabolic reactions (Rout and Sahoo, 2015). However, in animal diets iron has a low 
order of toxicity but can be harmful in high concentrations. 
Iron (Fe) water quality results recorder were between 5 and 10 mg/L (Figure 13, 
Appendix B: Table 18 and Figure 13). These concentrations were below the TWQR 
for the WQG/I (DWAF 1996a) and WQG/LW (DWAF 1996b) during all the sampling 
months at all the sampling points. 
Iron is one of the metals present in high concentrations in AMD. Monthly iron (Fe) 
water results for S1 from November 2015 to August 2016, were above the TWQR of 
5 mg/L for the WQG/I (DWAF, 1996a) and the TWQR of 10 mg/L WQG/LW (DWAF, 
1996b) (Figure 13, Appendix B: Table 17 and Figure 13). 
When water entering the DPBR, iron is one of the metals that precipitates in the DPBR 
due to anaerobic conditions, neutralisation of the water and reduction of sulphates to 
sulphides (Pules et al., 2016). From the re-aeration units (S3 to S5), the scrubber box, 
the limestone reactors (S6 to S8) and the aerobic wetland (S9) and the outflow of the 
water at S10, the iron concentration have decreased systematically as it was further 
treated through the PTP. Sampling points S2 to S9 presented iron concentrations 
above the TWQR for the WQG/I and WQG/LW during April and July 2016 sampling 
period (Figure 13, Appendix B: Table 17 and Figure 14). Water leaving the PTP 
presented iron concentrations below the TWQR for both the WQG/I and the WQG/LW. 
This water with regards to Iron, can be used for irrigation and livestock watering. 
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5.3.1.6 Manganese (Mn) 
Manganese is a grey-white, brittle metal and is found in several oxidation states 
(DWAF, 1996a). Manganese is an essential plant nutrient and plants respond 
favourably to the manganese concentration in the soil solution. It appears to be 
required as an enzyme activator (DWAF, 1996a) and is specifically required for 
photosynthesis in plants (Mousani et al., 2011). Its concentration is highest in the 
reproductive parts of plants (seeds) and lowest in woody sections, according to DWAF 
(1996a). 
Monthly manganese water results indicated the highest concentration during 
November 2015 from S1 to S10 (Figure 12, Appendix B: Table 16 and Figure 15). For 
the rest of the sampling months there was a decrease in the manganese concentration 
passing through the PTP compared to November 2015. These results however, 
remain above the TWQR of 0.02 mg/L for the WQG/I (DWAF, 1996a) and 10.0 mg/L 
for the WQG/LW at all sampling points (Figure 12, Appendix B: Table 16 and Figure 
12). From these results it is evident that the PTP is treating the amount of manganese 
passing through the plant, but concentrations remain above the TWQR. According to 
Pules et al. (2016), water samples from the original seed reactors used to colonise the 
DPBR, presented higher manganese removal than was expected. The current plant is 
still in its early treatment stages and it’s safe to assume that as the plant continue to 
treat water, more manganese will also be effectivity removed.  
If water with high manganese concentrations are not treated before being used for 
irrigation, crop yield can be affected because many crops are sensitivity to manganese 
uptake. In addition, clogging of irrigation equipment and consequently the distribution 
system will occur. Treatment will raise or maintain soil pH at neutral or slightly alkaline 
levels by adding agricultural lime while oxidising conditions are maintained by the 
aeration status of the soil. Furthermore, farmers should consider switching to a crop 
that is more tolerant to manganese and this will result in improved crop production. 
5.3.1.7 Potassium (K) 
Potassium (K) water quality results recorder were between 8 and 138 mg/L during all 
the sampling months at all the sampling points (Appendix C: Figure 22). Water 
entering the PTP presented small concentrations of potassium. As the water moved 
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through the different units of the PTP, and with different chemical reactions taking 
place in these units, there was an increase in potassium concentration. Potassium is 
an essential plant nutrient and is required in large amounts for proper growth and 
reproduction of plants (Wong et al., 2013). 
5.3.1.8 Sodium (Na) 
Sodium is not recognised as an essential plant nutrient, although it does benefit the 
growth of some plants (Maathuis, 2013). Many crops are reported to show sodium 
toxicity when it accumulates to elevated levels in plant tissues. Sensitivity varies 
considerably between plant species. Woody crops are especially sensitive according 
to DWAF (1996a and b). Na is important in the regulation and maintenance of osmotic 
pressure or concentration in plants and animals, specifically in water balance 
regulation. Sodium (Na) water quality results recorder were below the TWQR of 70.0 
mg/L for the WQG/I (DWAF 1996a) and 2000 mg/L for the WQG/LW (DWAF 1996b) 
during all the sampling months at all the sampling points (Appendix C: Figure 21) as 
there is little Sodium that enters the system and little to no chemical reaction occurs 
that affect it to be high or lower than what was received in the inlet. Low sodium 
concentrations entering the PTP at S1 remained low towards S10. It seems as though 
sodium is not affected by the PTP. This water can be used for both the irrigation and 
livestock watering as the plant effectively kept the sodium concentrations below the 
TWQR of 70.0 mg/L for the WQG/I (DWAF 1996a) and 2000 mg/L for the WQG/LW 
(DWAF 1996b).  
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6 CHAPTER 6: CONCLUSION  
Passive mine water treatment technologies are not widely utilised for the treatment of 
Acid Mine Drainage (AMD). The outcomes of this project will update the mining 
industry and related sectors on the possible implementation and utilisation of the 
relevant technology. This will contribute and support various industries with AMD 
problems the country is faced with currently. 
 
Evaluating the effectiveness of the VCC West Adit PTP was conducted by collecting 
water samples from Sites S1 to S10 over a period of one year. Various water quality 
parameters such as in-situ parameters (temperature, pH, and EC), general water 
quality parameters (anions) and metals were analysed. 
 
Water quality results were compared to the TWQR for the South African Water Quality 
Guidelines: Volume 4: Agricultural Use: Irrigation (WQG/I) and the South African 
Water Quality Guidelines: Volume 5: Agricultural Use: Livestock Watering (WQG/LW). 
 
The site for the PTP is located within the rural area of Thukazele village. In addition to 
their daily water use, the village also require water for livestock watering and 
agricultural purposes. Daily water for the village is currently provided by the 
municipality, leaving a need for the livestock watering and agricultural use. 
The PTP was designed, build and tested prior to August 2015 and only commissioned 
in August 2015. Treated water from the PTP will eventually contribute to the volume 
of water needed for livestock watering and agricultural use. 
 
6.1 Aims 
The aims of the study were to assess the following through focussing on the 
functioning of the some of the components of the PTP: 
a) Neutralisation of acidity; 
b) Removal of metals; and 
c) Reduction of sulphates. 
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Degrading Packed Bed Reactor (DPBR) 
Pules et al. (2016), explained that the DPBR contains a specific mixture of 
lignocelluloses material layers and a variety of acidophilic bacteria and Sulphate 
Reducing Bacteria (SRB). The activities of these bacteria resulted in: 
 
a) An anaerobic environment that facilitated the neutralisation of the mine water. 
For the sampling period the water flowing from S2 presented pH results that 
varied from 5.4 to 7.2. 
b) Reducing sulphates to sulphides, and 
c) The precipitation of metals such as aluminium and iron. After S2, there were 
incidences when aluminium and iron concentrations were above the TWQR of 
the WQG/I and WQG/LW, but at S10 both aluminium and iron concentrations 
in the water were below the TWQR of the two guidelines. 
 
Aeration cascade 
The first re-aeration unit is open to the atmosphere and introduces oxygen into the 
water to change an anaerobic environment into an aerobic environment. During this 
process, sulphides are oxidised to sulphates. The second and third units are closed 
units but the aerobic environment remains the same. 
 
Scrubber unit 
The biological H₂S scrubber unit has been designed to remove excess sulphides 
before the water goes to the three limestone reactors. Although sulphides are 
removed, some remain and are oxidised to sulphates. This is evident from the sulphate 
concentrations at the remaining sampling sites that are above the TWQR for the 
WQG/LW. 
 
Limestone reactors 
Three limestone reactors are operating in series to further improve the pH of the water. 
From the results at S6, it was evident that the pH ranged between 5.6 and 8.0 for the 
sampling period. This can be seen as an improvement of the pH from the inflow at S1 
with an average pH of 2.9. 
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Aerobic wetland 
Aerobic wetland removes residual nutrients. 
Aims such as neutralisation of acidity and removal of metals have been successfully 
addressed by the functioning of the PTP. Removal of sulphates have not been 
successful. However, it should be taken into consideration that the PTP has only been 
functioning for less than a year while the sampling took place. Addressing such a 
concern will be sorted on the long run when the PTP has been functioning for a longer 
period of time. 
 
6.2 Objectives 
Objectives for this study included the following: 
a) Conducting a literature survey on the effect of AMD on surface water resource, 
comparing active and passive mine water treatment plants and justify the use 
of a passive mine water treatment plant. 
An extended literature review was conducted focussing on the effect of AMD, 
the use of active and passive mine treatment plants and why the use of a PTP 
was selected for treatment of AMD at a redundant coal mine. This is all 
addressed in Chapter 2. 
 
b) Collecting water samples for analysis to address the basic functioning of the 
PTP. 
Water samples were collected for a period of a year and the following 
parameters were of concern: In-situ water quality parameters, general water 
quality parameters (anions) and metal analysis. These parameters were used 
to understand the functioning of the PTP and addressing water quality passing 
through the PTP. 
 
c) Compare the water quality results to the TWQR of the WQG/I and the 
WQG/LW. 
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* To understand and determine the effective functioning of the PTP, water 
quality results were compared to the TWQR of the WQG/I and WQG: 
LW (DWAF, 1996a and b). 
* From these results it is evident that the design and functioning of the 
PTP addresses water quality parameters such acidity, anions and 
metals. 
* This comparison also allows for the identification of possible 
malfunctioning of certain components of the PTP. From this comparison 
it was evident that pH, anions such as F, NO3 and PO4, as well as metals 
such as Al, B, Ca, Cl, Fe, K and Na were below the TWQR for the two 
WQG/s. 
* This comparison also allows for treatment of AMD to an extent where 
this water can be used to supplement natural water within the PTP area 
for use by small scale farmers and people living in this rural area. 
 
 
6.3 Hypothesis 
The null hypothesis (H0) stated that a passive mine water treatment plant will 
successfully treat Acid Mine Drainage (AMD) of a ceased underground coal mine, 
reducing acidity, metals and phosphates. 
 
Water Quality results show the systematic reduction in acidity through the different 
components of the PTP. Metals of concern such as aluminium and iron, are reduced 
to concentrations below the TWQR of the WQG/I and WQG/LW at sampling point S10. 
Reducing phosphates has not been successful. This could be attributed to a PTP that 
has been operational for less than a year. Effective functioning of each component of 
such a PTP will take some time. The PTP is thus successfully treating AMD, with 
specific focus of the reduction of acidity and metals (aluminium and iron) of a ceased 
underground coal mine. The null hypothesis is thus accepted with regards to treatment 
of acidity and metals. 
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6.4 Recommendation  
The main emphases of this project and the functioning of the PTP, is on the output 
water quality at S10, since this water will possibly be used for irrigation and / or 
livestock watering in future. The PTP has been operational for less than a year but the 
final goal is to get water quality parameters to below the TWQR of the WQG/I and 
WQG/LW. However, the following is recommended: 
 
a) Only discharge water when the water quality parameters are within the 
TWQR of the WQG/L and WQG/LW. 
b) When the water quality parameters are found to be higher than the 
TWQR of the guidelines at S10, the water should not be discharged or 
used for agricultural and livestock watering. Instead, it may have 
considered to be pumped back to DPBR unit to go through the treatment 
process again.  
c) Continuous monitoring of water quality should be done to address the 
functioning and possible trouble shooting of the PTP. 
d) Report any water quality parameters of concern of possible 
malfunctioning of the PTP to the relevant authorities. 
 
Finally, the design and functioning of the PTP treating AMD can be used by various 
mines and related industries in treating AMD to ensure safe water quality for the 
natural environment and all living organisms that form part of it. 
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APPENDIX A: RAW DATA 
DAILY PHYSICAL PARAMETER RESULTS 
Daily pH Results-August 2015 to October 2016 
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Daily Temperature- August 2015 to October 2016 
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MONTHLY RESULTS (ALL PARAMETERS) 
All Parameters-November 2015 
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SUMMARIZED RESULTS  
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..\Appendix A_Raw Data\MONTHLY ALL PARAMETERS RESULTS\Parameters Summary\COD Summary-
Nov15-Feb16\VCC WQ Data-COD Summary.xlsx 
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DAILY WATER QUALITY RESULTS 
Redox, pH and Temperature (September 2015-September 2016) 
Table 1: Monthly water quality results for Redox, pH and Temperature 
Note: Values in red are higher than the WQG/I and WQG/LW and values in light blue are 
below than the WQG/I and WQG/LW.
SAMPLED 
MONTHS 
REDOX (mg/L) pH TEMPERATURE 
(0C)  
WQG/I and 
WQG/LW for pH - 
6.5 - 8.4 
WQG/I and 
WQG/LW for 
Temperature - 20-
25 (0C) 
September 2015 -185.3  6.5 17.0 
October 2015 -260.7 6.7 19.5 
November 2015 -280.1 6.8 19.9 
December 2015 -273.2 6.8 21.1 
January 2016 -280.8 6.7 21.7 
February 2016 -307.5 6.6 22.6 
March 2016 -250.5 10.5 22.5 
April 2016 -222.4 6.9 21.6 
May 2016 -87.1 6.3 17.6 
June 2016 -86.1 6.0 16.3 
July 2016 -107.8 6.4 13.9 
August 2016 -165.6 6.4 15.6 
September 2016 -172.0 6.2 16.3 
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MONTHLY WATER QUALITY RESULTS 
November 2015 
Table 2: November 2015 water quality results 
Parameter WQG/I WQG/LW 
Splitter 
Box 
Outlet 
Box 
Aeration 
Cascade 
1 
Aeration 
Cascade 
2 
Aeration 
Cascade 
3 
Limestone 
Reactor 1 
Limestone 
Reactor 2 
Limestone 
Reactor 3 
Aerobic 
Wetland 
Discharge 
to River 
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
Physical Parameters 
pH 6.5-8.4 6.5-8.4 2.96 6.73 6.96 7.56 7.55 7.62 7.48 7.67 7.61 7.86 
TDS 40 
(mS/m) 
1 000 
(mg/L) 
2 148 1 849 1 731 1 671 1 779 1 269 1 685 1 629 1 639 1 552 
Temperature 20-25 
(0C) 
20-25 
(0C) 
23.5 23.3 23.1 22.9 22.8 22.8 22.8 22.8 22.9 22.8 
Metal Parameters 
Ca - 1 000 
(mg/L) 
237.04 219.82 218.67 220.87 226.69 228.44 218.75 208.1 206.98 197.01 
Mg - 500 
(mg/L) 
105.8 99.12 100.98 100.18 105.08 106.72 103.34 99.25 98.56 104.44 
Na 70 
(mg/L) 
2 000 
(mg/L) 
28.18 45.63 45.89 44.51 46.8 41.34 40.8 40.08 39.7 49.11 
K - - 7.6271 131.836 138.355 134.185 138.027 102.4465 100.546 100.6085 106.8435 110.091 
Fe 5.0 
(mg/L) 
10 (mg/L) 14.0876 0.1008 0.0713 0.057 0.033 0.3784 0.3754 0.2393 0.1933 0.0414 
Mn 0.02 
(mg/L) 
10 (mg/L) 15.22 7.75 9.1 7.55 8.64 8.28 8.28 7.46 7.13 7.44 
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Parameter WQG/I WQG/LW 
Splitter 
Box 
Outlet 
Box 
Aeration 
Cascade 
1 
Aeration 
Cascade 
2 
Aeration 
Cascade 
3 
Limestone 
Reactor 1 
Limestone 
Reactor 2 
Limestone 
Reactor 3 
Aerobic 
Wetland 
Discharge 
to River 
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
Al 5.0 
(mg/L) 
5.0 
(mg/L) 
35.3485 0.1254 0.1013 0.1137 0.0987 0.1872 0.1584 0.1088 0.1149 0.0814 
Cl 100 
(mg/L) 
1 500 
(mg/L) 
2.18 146 111 64.77 27.52 16.44 16.69 17.35 17.44 19.51 
B 0.5 
(mg/L) 
5 (mg/L) 0.02 0.08 0.08 0.08 0.08 0.06 0.06 0.06 0.06 0.06 
F 2.0 
(mg/L) 
2.0 
(mg/L) 
0.04 0.45 0.46 0.46 0.45 0.37 0.38 0.42 0.42 0.41 
PO4 - - 0.32 5.09 3.78 5.07 3.32 0.82 0.89 0.97 0.97 1.23 
COD - - 13 725 635 382 238 186 185 182 151 112 
NO3 - 100 
(mg/L) 
0.04 0.55 0.35 0.16 0.17 0.07 0.06 0.05 0 0.07 
SO4 - 1 000 
(mg/L) 
1 320 400.9 376 284 370 708.7 360.8 555.9 624.8 487.4 
NH4 5 
(mg/L) 
- 0.4 6.46 5.53 3.74 2.29 1.41 2.41 3 3.18 0.89 
Note: Values in red are higher than the WQG/I, Values in purple are higher than the WQG/LW, Values in red and highlighted in orange are higher than both WQG/I and WQG/LW and Values in light 
blue are below than the pH limit of both WQG/I and WQG/LW.
 59 | P a g e  
 
December 2015 
Table 3: December 2015 water quality results 
Parameter WQG/I WQG/LW 
Splitter Box Outlet Box  Aeration 
Cascade 1 
Aeration 
Cascade 2 
Aeration 
Cascade 3 
Limestone 
Reactor 1 
Limestone 
Reactor 2 
Limestone 
Reactor 3 
Aerobic 
Wetland  
Discharge 
to River  
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
Physical Parameters 
pH 6.5-8.4 6.5-8.4 3 6.92 7.12 7.27 7.51 6.92 7.79 7.71 7.73 7.98 
TDS 40 (mS/m) 1 000 (mg/L) 2 148 2 300 1 731 1 671 1 779 1 269 1 685 1 629 1 639 1 552 
Temperature 20-25 (0C) 20-25 (0C) 19.8 20.5 21.5 22 22.5 22.9 23 23.3 23.6 23.8 
Metal Parameters 
Ca - 1 000 (mg/L) 2 300 1 650 1 675 1 669 1 738 1 953 1 458 1 822 1 757 1 494 
Mg - 500 (mg/L) 108.84 92.16 87.99 91.36 89.75 110.19 93.27 95.75 96.52 90.62 
Na 70 (mg/L) 2 000 (mg/L) 27.53 35.35 32.97 33.95 33.00 31.33 32.74 35.59 32.87 31.36 
K - - 7.8901 103.789 111.512 105.846 96.9675 105.352 50.084 87.712 87.857 77.662 
Fe 5.0 (mg/L) 10 (mg/L) 22.7465 0.1482 0.135 0.0272 0.0231 0.1004 0.509 0.1656 0.3053 0.1124 
Mn 0.02 (mg/L) 10 (mg/L) 17.05 5.72 5.69 5.41 5.39 6.98 5.16 5.05 4.82 3.51 
Al 5.0 (mg/L) 5.0 (mg/L) 38.3515 0.11 0.0948 0.0756 0.0796 0.0361 0.0863 0.0861 0.2051 0.0358 
Cl 100 (mg/L) 1 500 (mg/L) 11.02 55 111 69.59 60.56 11.32 21.73 28.33 24.28 11.39 
B 0.5 (mg/L) 5 (mg/L) 0.04 0.07 0.08 0.07 0.08 0.05 0.07 0.06 0.06 0.06 
General Water Quality Parameters 
F 2.0 (mg/L) 2.0 (mg/L) 0.02 0.42 0.43 0.44 0.43 0.13 0.31 0.35 0.49 0.51 
PO4 - - 0.25 6.7 6.72 6.36 6.16 0.17 1.12 1.07 1.36 0.8 
 60 | P a g e  
 
Parameter WQG/I WQG/LW 
Splitter Box Outlet Box  Aeration 
Cascade 1 
Aeration 
Cascade 2 
Aeration 
Cascade 3 
Limestone 
Reactor 1 
Limestone 
Reactor 2 
Limestone 
Reactor 3 
Aerobic 
Wetland  
Discharge 
to River  
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
COD - - 33 522 419 418 347 71 586 653 126 75 
NO3 - 100 (mg/L) 0 0.18 0.28 0.22 0.18 0.08 0.08 0.1 0.12 0 
SO4 - 1 000 (mg/L) 1 596 630 367 356 356 880 623.8 715.9 714.7 604.7 
NH4 5 (mg/L) - 0.42 7.74 7.79 7.8 7.82 6.91 7.37 7.76 8.16 4.67 
Note: Values in red are higher than the WQG/I, Values in purple are higher than the WQG/LW, Values in red and highlighted in orange are higher from both WQG/I and WQG/LW and Values in light 
blue are below than the pH limit of both WQG/I and WQG/LW.
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January 2016 
Table 4: January 2016 water quality results 
Parameter WQG/I WQG/LW 
Splitter Box Outlet Box  Aeration 
Cascade 1 
Aeration 
Cascade 2 
Aeration 
Cascade 3 
Limestone 
Reactor 1 
Limestone 
Reactor 2 
Limestone 
Reactor 3 
Aerobic 
Wetland  
Discharge 
to River  
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
Physical Parameters 
pH 6.5-8.4 6.5-8.4 2.94 6.96 7.26 7.8 8.04 7.96 8.01 7.86 7.78 7.7 
TDS 40 (mS/m) 1 000 (mg/L) 2 148 1 849 1 731 1 671 1 779 1 269 1 685 1 629 1 639 1 552 
Temperature 20-25 (0C) 20-25 (0C) 24.3 24.2 24 23.8 23.7 23.5 23.4 23.3 23.2 23.2 
Metal Parameters 
Ca - 1 000 (mg/L) 236.02 252.88 255.97 257.12 257.1 239.7 243.82 243.88 244.6 251.81 
Mg - 500 (mg/L) 99.14 98.97 100.7 104.06 105.11 102.41 102.74 102.34 102.68 122.81 
Na 70 (mg/L) 2 000 (mg/L) 25.9 29.2 29.39 30.41 30.89 30.26 30.1 29.67 29.71 34.75 
K - - 7.9431 59.3975 55.7315 57.5055 60.166 58.6355 62.744 69.5745 71.5895 57.357 
Fe 5.0 (mg/L) 10 (mg/L) 9.9378 0.022 0 0.0309 0.0244 0.0012 0 0.0044 0 0 
Mn 0.02 (mg/L) 10 (mg/L) 15.21 5.54 5.58 5.72 5.7 5.75 5.46 4.97 4.88 18.43 
Cl 100 (mg/L) 1 500 (mg/L) 2.55 176 85.92 44.41 32.53 16.54 17.92 23.13 26.53 7.89 
B 0.5 (mg/L) 5 (mg/L) 0.04 0.09 0.09 0.09 0.09 0.08 0.08 0.08 0.08 0.08 
Al 5.0 (mg/L) 5.0 (mg/L) 29.4674 0.0679 0.0423 0.086 0.1026 0.1452 0.1127 0.09 0.0296 0.0283 
General Water Quality Parameters 
F 2.0 (mg/L) 2.0 (mg/L) 0 0.76 0.84 1.04 1.09 0.87 0.88 0.83 0.78 0.71 
PO4 - - 0.2 8.53 9.11 8.4 7.49 5.5 5.42 5.24 5.25 3.45 
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Parameter WQG/I WQG/LW 
Splitter Box Outlet Box  Aeration 
Cascade 1 
Aeration 
Cascade 2 
Aeration 
Cascade 3 
Limestone 
Reactor 1 
Limestone 
Reactor 2 
Limestone 
Reactor 3 
Aerobic 
Wetland  
Discharge 
to River  
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
COD - - 18 444 490 668 345 188 207 186 191 80 
NO3 - 100 (mg/L) 0.19 1.34 1.11 0.63 0.29 0 0.1 0.21 0.62 0.09 
SO4 - 1 000 (mg/L) 1 310 667.9 593.6 562.9 580.6 632.2 620. 634.2 644.2 750.1 
NH4 5 (mg/L) - - - - - - - - - - - 
Note: Values in red are higher than the WQG/I, Values in purple are higher than the WQG/LW, Values in red and highlighted in orange are higher from both WQG/I and WQG/LW and Values in light 
blue are below than the pH limit of both WQG/I and WQG/LW.
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February 2016 
Table 5: February 2016 water quality results 
Parameter WQG/I WQG/LW 
Splitter Box Outlet Box  Aeration 
Cascade 1 
Aeration 
Cascade 2 
Aeration 
Cascade 3 
Limestone 
Reactor 1 
Limestone 
Reactor 2 
Limestone 
Reactor 3 
Aerobic 
Wetland  
Discharge 
to River  
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
Physical Parameters 
pH 6.5-8.4 6.5-8.4 2.98 7.38 7.32 7.49 7.86 7.64 7.34 7.48 7.25 7.48 
TDS 40 (mS/m) 1 000 (mg/L) 2 299 1 858 1 851 1 845 1 871 1 840 1 797 1 847 1 896 2 057 
Temperature 20-25 (0C) 20-25 (0C) 23.7 23.2 23.1 23 22.9 22.8 22.6 22.6 22.7 22.7 
Metal Parameters 
Ca - 1 000 (mg/L) 197.02 338.12 312.87 317.02 309.72 310.98 314.06 319.16 315.38 350.27 
Mg - 500 (mg/L) 166.25 115.14 114.68 114.73 115.21 115.68 117.34 116.87 117.14 127.69 
Na 70 (mg/L) 2 000 (mg/L) 31.94 33.64 32.59 33.12 33.33 33.55 33.43 33.25 32.41 35.38 
K - - 7.8592 54.0926 53.7177 54.1418 53.3446 50.3007 52.3975 54.0525 55.5344 56.8672 
Fe 5.0 (mg/L) 10 (mg/L) 18.0027 0.0748 0.0813 0.0409 0.0338 0.0184 0.0116 0.0032 0.0153 0 
Mn 0.02 (mg/L) 10 (mg/L) 16.32 12.7 12.3 11 9.78 10.64 9.79 10.32 10.73 11.29 
Cl 100 (mg/L) 1 500 (mg/L) 2.8 54.87 45.57 59.12 53.23 31.93 30.99 32.44 24.91 6.75 
B 0.5 (mg/L) 5 (mg/L) 0.24 0.16 0.14 0.14 0.14 0.14 0.12 0.12 0.11 0.12 
Al 5.0 (mg/L) 5.0 (mg/L) 22.5628 0.0602 0.0626 0.0371 0.0304 0.0556 0.0488 0.0367 0.0441 0.0231 
General Water Quality Parameters 
F 2.0 (mg/L) 2.0 (mg/L) 0.05 0.44 0.44 0.43 0.43 0.38 0.37 0.37 0.36 0.36 
PO4 - - 0.29 10.54 10.88 10.08 9.35 5.14 6.17 6.19 5.56 5.95 
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Parameter WQG/I WQG/LW 
Splitter Box Outlet Box  Aeration 
Cascade 1 
Aeration 
Cascade 2 
Aeration 
Cascade 3 
Limestone 
Reactor 1 
Limestone 
Reactor 2 
Limestone 
Reactor 3 
Aerobic 
Wetland  
Discharge 
to River  
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
COD - - 1 225 243 261 156 135 100 109 80 125 
SO4 - 1 000 (mg/L) 1 670 843.6 857 776.1 758.9 769.5 830.6 852.1 815.7 1 140 
NH4 5 (mg/L) - - - - - - - - - - - 
NO3 - 100 (mg/L) 0 0.83 0.78 0.76 0.76 0.34 0.38 0.47 0 0.03 
Note: Values in red are higher than the WQG/I, Values in purple are higher than the WQG/LW, Values in red and highlighted in orange are higher from both WQG/I and WQG/LW and Values in light 
blue are below than the pH limit of both WQG/I and WQG/LW.
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March 2016 
Table 6: March 2016 water quality results 
Parameter WQG/I WQG/LW 
Splitter Box Outlet Box  Aeration 
Cascade 1 
Aeration 
Cascade 2 
Aeration 
Cascade 3 
Limestone 
Reactor 1 
Limestone 
Reactor 2 
Limestone 
Reactor 3 
Aerobic 
Wetland  
Discharge 
to River  
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
Physical Parameters 
pH 6.5-8.4 6.5-8.4 2.97 6.53 6.64 6.68 6.75 6.53 6.55 6.44 6.59 6.76 
TDS 40 (mS/m) 1 000 (mg/L) 2 029 2 189 2 156 2 179 2 165 2 162 2 150 2 172 2 164 2 304 
Temperature 20-25 (0C) 20-25 (0C) 22.7 22.6 22.5 22.4 22.4 22.4 22.5 22.6 22.6 22.8 
Metal Parameters 
Ca - 1 000 (mg/L) 220.51 341.2 294.16 321.98 327.22 329.11 333.22 332.2 337 177.21 
Mg - 500 (mg/L) 91.8 111.12 113.37 111.88 113.42 112.01 109.19 109.45 115.73 125.88 
Na 70 (mg/L) 2 000 (mg/L) 22.54 25.77 26.3 26.02 26.06 25.77 24.99 25.35 27.14 20.34 
K - - 6.8774 25.883 28.295 27.154 27.0647 24.4348 24.6971 25.2317 22.1951 23.7655 
Fe 5.0 (mg/L) 10 (mg/L) 14.4463 1.5416 1.0846 0.4164 0.2354 0.5675 1.3557 1.3813 0.02808 0 
Mn 0.02 (mg/L) 10 (mg/L) 14.3 15.92 15.38 15.43 15.28 15.76 15.97 15.79 15.78 16.53 
Cl 100 (mg/L) 1 500 (mg/L) 2.36 11.18 8.45 9.29 77.96 7.76 9.4 7.42 8.55 7.27 
B 0.5 (mg/L) 5 (mg/L) 0.02 0.06 0.06 0.06 0.05 0.06 0.06 0.06 0.06 0.06 
Al 5.0 (mg/L) 5.0 (mg/L) 32.6413 0.064 0.0212 0.0124 0.0061 0.0297 0.0285 0.0607 0.1063 0.0123 
General Water Quality Parameters 
F 2.0 (mg/L) 2.0 (mg/L) 0.01 0.45 0.46 0.45 0.46 0.43 0.42 0.38 0.39 0.37 
PO4 - - 0.39 2.72 2.85 2.1 1.93 0.39 0.75 1.37 0.73 1.69 
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Parameter WQG/I WQG/LW 
Splitter Box Outlet Box  Aeration 
Cascade 1 
Aeration 
Cascade 2 
Aeration 
Cascade 3 
Limestone 
Reactor 1 
Limestone 
Reactor 2 
Limestone 
Reactor 3 
Aerobic 
Wetland  
Discharge 
to River  
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
COD - - 103 83 92 86 16 98 144 97 47 33 
SO4 - 1 000 (mg/L) 1 290 1 210 1 230 1 220 1 230 1 230 1 280 1 260 1 260 1 350 
NH4 5 (mg/L) - 0.46 4.98 4.89 5.09 5.05 4.39 4.93 4.74 4.73 0.73 
NO3 - 100 (mg/L) 0 0.08 0.08 0.03 0.04 0 0.1 0.14 0.08 15.06 
Note: Values in red are higher than the WQG/I, Values in purple are higher than the WQG/LW, Values in red and highlighted in orange are higher from both WQG/I and WQG/LW and Values in light 
blue are below than the pH limit of both WQG/I and WQG/LW.
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April 2016 
Table 7: April 2016 water quality results 
Parameter WQG/I WQG/LW 
Splitter Box Outlet Box  Aeration 
Cascade 1 
Aeration 
Cascade 2 
Aeration 
Cascade 3 
Limestone 
Reactor 1 
Limestone 
Reactor 2 
Limestone 
Reactor 3 
Aerobic 
Wetland  
Discharge 
to River  
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
Physical Parameters 
pH 6.5-8.4 6.5-8.4 2.96 5.45 4.7 4.6 4.66 4.25 4.6 4.64 4.9 6.45 
TDS 40 (mS/m) 1 000 (mg/L) 2310 2235 2171 2285 2264 2270 2243 2278 2270 2315 
Temperature 20-25 (0C) 20-25 (0C) 24.1 24 24.1 24.2 24.4 24.6 24.7 24.8 24.9 24.8 
Metal Parameters 
Ca - 1 000 (mg/L) 262.03 252.43 308.48 312.07 311.48 312.47 297.63 322.79327.9 352.86 380.63 
Mg - 500 (mg/L) 105.8 122.37 132.79 124.13 130.1 126.5 124.38 125.6 124.34 124.24 
Na 70 (mg/L) 2 000 (mg/L) 25.04 27.41 29.07 27.08 29.26 28.43 28 28.26 27.84 28.11 
K - - 7.6697 23.5346 23.9523 22.9938 23.6785 21.9741 22.5328 22.2714 23.0974 24.2495 
Fe 5.0 (mg/L) 10 (mg/L) 19.496 22.4097 4.988 3.2744 19.2816 7.1415 5.6034 0.0028 4.612 0.183 
Mn 0.02 (mg/L) 10 (mg/L) 15.73 17.79 17.98 18.16 16.96 16.83 17 17.37 18.11 17.72 
Cl 100 (mg/L) 1 500 (mg/L) 5.32 8.55 6.77 6.74 7.12 6.51 6.66 6.75 7.36 6.17 
B 0.5 (mg/L) 5 (mg/L) 0.03 0.06 0.05 0.05 0.07 0.06 0.05 0.05 0.05 0.05 
Al 5.0 (mg/L) 5.0 (mg/L) 37.6436 2.0957 0.6354 3.2421 7.028 8.9624 8.3794 2.7748 5.8499 0.0174 
General Water Quality Parameters 
F 2.0 (mg/L) 2.0 (mg/L) 0.05 0.03 0.06 0.05 0.05 0.08 0.06 0.07 0.05 0.33 
PO4 - - 0.37 0.3 0.37 0.39 0.38 0.39 0.38 0.37 0.35 0.54 
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Parameter WQG/I WQG/LW 
Splitter Box Outlet Box  Aeration 
Cascade 1 
Aeration 
Cascade 2 
Aeration 
Cascade 3 
Limestone 
Reactor 1 
Limestone 
Reactor 2 
Limestone 
Reactor 3 
Aerobic 
Wetland  
Discharge 
to River  
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
COD - - 0 47 41 30 50.6 162 91 13 28 15 
SO4 - 1 000 (mg/L) 1 550 1 320 1 470 1 380 1 400 1 380 1 440 14 00 1 380 1 390 
NH4 5 (mg/L) - - - - - - - - - - - 
NO3 - 100 (mg/L) 0 0.57 0.29 0.19 0.41 0.12 0.22 0.31 0.28 1.22 
Note: Values in red are higher than the WQG/I, Values in purple are higher than the WQG/LW, Values in red and highlighted in orange are higher from both WQG/I and WQG/LW and Values in light 
blue are below than the pH limit of both WQG/I and WQG/LW.
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July 2016 
Table 8: July 2016 water quality results 
Parameter WQG/I WQG/LW 
Splitter Box Outlet Box Aeration 
Cascade 1 
Aeration 
Cascade 2 
Aeration 
Cascade 3 
Limestone 
Reactor 1 
Limestone 
Reactor 2 
Limestone 
Reactor 3 
Aerobic 
Wetland 
Discharge 
to River 
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
Physical Parameters 
pH 6.5-8.4 6.5-8.4 2.97 2.95 5.96 5.99 6.01 5.98 5.77 5.98 6.02 6.41 
TDS 40 (mS/m) 1 000 (mg/L) 2 154 2 184 2 210 2 243 2 241 2 196 2 175 2 232 2 234 2 203 
Temperature 20-25 (0C) 20-25 (0C) 18.5 19.6 19.4 19.7 19.9 20 20.2 20.3 20.4 20.6 
Metal Parameters 
Ca - 1 000 (mg/L) 255.27 33.51 331.15 334.96 352.9 353.98 354.11 368.16 346.29 353.09 
Mg - 500 (mg/L) 104.66 128.53 126.67 135.86 139.36 139.49 138.7 137.64 139.48 137.65 
Na 70 (mg/L) 2 000 (mg/L) 24.84 28.23 27.57 29.75 31.66 31.58 31.31 30.84 31.61 33.87 
K - - 7.4108 26.4973 27.2587 26.6464 25.9955 25.2644 26.6815 28.1594 28.1685 37.5468 
Fe 5.0 (mg/L) 10 (mg/L) 21.6175 12.4451 17.5458 16.6015 14.3037 0 7.9694 1.5455 7.6499 0.1115 
Mn 0.02 (mg/L) 10 (mg/L) 15.77 16.79 17.01 17.01 16.88 16.97 16.47 17.21 16.28 12.92 
Cl 100 (mg/L) 1 500 (mg/L) 1.36 5.06 6.23 6.26 5.41 5.71 6.02 4.8 5.97 5.03 
B 0.5 (mg/L) 5 (mg/L) 0.04 0.07 0.07 0.06 0.06 0.06 0.06 0.06 0.06 0.07 
Al 5.0 (mg/L) 5.0 (mg/L) 36.5662 0.093 0.0455 0.0904 0.0562 0.1045 0.0962 0.0228 0.1591 0.0319 
General Water Quality Parameters 
F 2.0 (mg/L) 2.0 (mg/L) 0.16 0.31 0.3 0.32 0.32 0.27 0.27 0.29 0.3 0.45 
PO4 - - 0.54. 0.43 0.49 0.5 0.45 0.37 0.38 0.44 0.43 0.35 
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Parameter WQG/I WQG/LW 
Splitter Box Outlet Box Aeration 
Cascade 1 
Aeration 
Cascade 2 
Aeration 
Cascade 3 
Limestone 
Reactor 1 
Limestone 
Reactor 2 
Limestone 
Reactor 3 
Aerobic 
Wetland 
Discharge 
to River 
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
COD - - 19 83 58 50 49 44 41 38 66 36 
SO4 - 1 000 (mg/L) 1 320 1 420 1 370 1 350 1 420 1 430 1 380 1 540 1 410 1 380 
NH4 5 (mg/L) - 0.52 7.03. 7.11 70.01 6.9 6.52 6.73 5.79 6.85 5.37 
NO3 - 100 (mg/L) 0 0.19 0.15 0.22 0.21 0.17 0.14 0.19 0.27 0.31 
Note: Values in red are higher than the WQG/I, Values in purple are higher than the WQG/LW, Values in red and highlighted in orange are higher from both WQG/I and WQG/LW and Values in light 
blue are below than the pH limit of both WQG/I and WQG/LW.
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August 2016 
Table 9: August 2016 water quality results 
Parameter WQG/I WQG/LW 
Splitter Box Outlet Box Aeration 
Cascade 1 
Aeration 
Cascade 2 
Aeration 
Cascade 3 
Limestone 
Reactor 1 
Limestone 
Reactor 2 
Limestone 
Reactor 3 
Aerobic 
Wetland 
Discharge 
to River 
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
Physical Parameters 
pH 6.5-8.4 6.5-8.4 2.94 6.1 6.1 6.19 6.21 5.63 6.22 6.11 6.32 6.32 
TDS 40 (mg/L) 1 000 (mg/L) 2 293 2 177 2 118 2 103 2 128 2 137 2 144 2 112 2 196 2 322 
Temperature 20-25 (0C) 20-25 (0C) 22.5 22.5 22.5 22.6 23 23.3 23.6 23.5 23.8 23.9 
Metal Parameters 
Ca - 1 000 (mg/L) 246.4 306.22 306.43 309.76 308.83 282.09 326.31 326.25 326.7 381.27 
Mg - 500 (mg/L) 98.32 121.47 123.49 131.13 119.37 124.64 117.49 118.06 118.93 128.04 
Na 70 (mg/L) 2 000 (mg/L) 25.94 30.03 30.76 31.49 29.74 31.33 29.99 30.04 30.46 31.41 
K - - 8.2021 31.959 31.7301 32.6663 32.3916 25.9879 29.1533 28.8645 28.8209 28.0563 
Fe 5.0 (mg/L) 10 (mg/L) 12.5882 1.1495 0.5949 3.1917 0.8404 0.7535 0.0567 0.0466 0.0429 0.0084 
Mn 0.02 (mg/L) 10 (mg/L) 13.63 15.71 14.63 15.74 14.91 12.97 14.25 13.95 14.02 14.84 
Cl 100 (mg/L) 1 500 (mg/L) 3.76 7.68 8.96 8.75 8.55 7.06 7.33 7.92 6.56 5.69 
B 0.5 (mg/L) 5 (mg/L) 0.04 0.08 0.08 0.08 0.08 0.08 0.07 0.07 0.07 0.07 
Al 5.0 (mg/L) 5.0 (mg/L) 29.5881 0.0531 0.0532 0.077 0.0387 0.2097 0.0492 0.0319 0.0268 0.0308 
General Water Quality Parameters 
F 2.0 (mg/L) 2.0 (mg/L) - - - - - - - - - - 
PO4 - - 0.46 0.43 0.43 0.43 0.43 0.41 0.41 0.34 0.42 0.4 
 72 | P a g e  
 
Parameter WQG/I WQG/LW 
Splitter Box Outlet Box Aeration 
Cascade 1 
Aeration 
Cascade 2 
Aeration 
Cascade 3 
Limestone 
Reactor 1 
Limestone 
Reactor 2 
Limestone 
Reactor 3 
Aerobic 
Wetland 
Discharge 
to River 
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
COD - - 15 68 141 68 35 48 20 23 12 14 
SO4 - 1 000 (mg/L) 1 446 1 454 1 290 1 370 1 250 1 340 1 410 1 280 1 270 1 510 
NH4 5 (mg/L) - - - - - - - - - - - 
NO3 - 100 (mg/L) 3.19 0.92 0.38 -1.4 -0.86 -0.16 -1.49 -107 69.66 -5.14 
Note: Values in red are higher than the WQG/I, values in purple are higher than the WQG/LW, Values in red and highlighted in orange are higher from both WQG/I and WQG/LW and Values in light 
blue are below than the pH limit of both WQG/I and WQG/LW.
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MONTHLY QUALITY RESULTS ANALYSIS  
Table 10: Water quality results for input (S1) and output (S2) water to be used for irrigation. 
Parameters WQG/I S1 S10 S1 S10 S1 S10 S1 S10 S1 S10 S1 S10 S1 S10 S1 S10 
November 2015 December 2015 January 2016 February 2016 March 2016 April 2016 July 2016 August 2016 
Physical Parameters 
pH 6.5-8.4 2.96 7.86 3 7.98 2.94 7.7 2.98 7.48 2.97 6.76 2.96 6.45 2.97 6.41 2.94 6.32 
TDS 40 
(mS/m) 
2 148 1 552 2 148 1 552 2 148 1 552 2 299 2 057 2 029 2 304 2310 2315 2 154 2 203 2 293 2 322 
Temperatur
e 
20-25 
(0C) 
23.5 22.8 19.8 23.8 24.3 23.2 23.7 22.7 22.7 22.8 24.1 24.8 18.5 20.6 22.5 23.9 
Metal Parameters 
Ca - 237.04 197.01 2 300 1 494 236.02 251.81 197.02 350.27 220.51 177.21 262.03 380.63 255.27 353.09 246.4 381.27 
Mg - 105.8 104.44 108.8
4 
90.62 99.14 122.81 166.25 127.69 91.8 125.88 105.8 124.24 104.66 137.65 98.32 128.04 
Na 70 (mg/L) 28.18 49.11 27.53 31.36 25.9 34.75 31.94 35.38 22.54 20.34 25.04 28.11 24.84 33.87 25.94 31.41 
K - 7.6271 110.091 7.890
1 
77.662 7.9431 57.357 7.8592 56.8672 6.8774 23.7655 7.6697 24.2495 7.4108 37.5468 8.2021 28.0563 
Fe 5.0 
(mg/L) 
14.087
6 
0.0414 22.74
65 
0.1124 9.9378 0 18.0027 0 14.4463 0 19.496 0.183 21.6175 0.1115 12.5882 0.0084 
Mn 0.02 
(mg/L) 
15.22 7.44 17.05 3.51 15.21 18.43 16.32 11.29 14.3 16.53 15.73 17.72 15.77 12.92 13.63 14.84 
Cl 100 
(mg/L) 
2.18 19.51 11.02 11.39 2.55 7.89 2.8 6.75 2.36 7.27 5.32 6.17 1.36 5.03 3.76 5.69 
B 0.5 
(mg/L) 
0.02 0.06 0.04 0.06 0.04 0.08 0.24 0.12 0.02 0.06 0.03 0.05 0.04 0.07 0.04 0.07 
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Parameters WQG/I S1 S10 S1 S10 S1 S10 S1 S10 S1 S10 S1 S10 S1 S10 S1 S10 
November 2015 December 2015 January 2016 February 2016 March 2016 April 2016 July 2016 August 2016 
Al 5.0 
(mg/L) 
35.348
5 
0.0814 38.35
15 
0.0358 29.4674 0.0283 22.5628 0.0231 32.6413 0.0123 37.6436 0.0174 36.5662 0.0319 29.5881 0.0308 
General Water Quality Parameters 
F 2.0 
(mg/L) 
0.04 0.41 0.02 0.51 0 0.71 0.05 0.36 0.01 0.37 0.05 0.33 0.16 0.45 - - 
PO4 - 0.32 1.23 0.25 0.8 0.2 3.45 0.29 5.95 0.39 1.69 0.37 0.54 0.54. 0.35 0.46 0.4 
COD - 13 112 33 75 18 80 1 125 103 33 0 15 19 36 15 14 
SO4 - 1 320 487.4 1 596 604.7 1 310 750.1 1 670 1 140 1 290 1 350 1 550 1 390 1 320 1 380 1 446 1 510 
NH4 5 (mg/L) 0.4 0.89 0.42 4.67 - - - - 0.46 0.73 - - 0.52 5.37 - - 
NO3 - 0.04 0.07 0 0 0.19 0.09 0 0.03 0 15.06 0 1.22 0 0.31 3.19 -5.14 
Note: Values in red are higher than the WQG/I and Values in light blue are below than the pH limit of WQG/I 
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Table 11: Water quality results of input (S1) and output (S2) water to be used for livestock watering. 
Parameters WQG/LW S1 S10 S1 S10 S1 S10 S1 S10 S1 S10 S1 S10 S1 S10 S1 S10 
November 2015 December 2015 January 2016 February 2016 March 2016 April 2016 July 2016 August 2016 
Physical Parameters 
pH 6.5-8.4 2.96 7.86 3 7.98 2.94 7.7 2.98 7.48 2.97 6.76 2.96 6.45 2.97 6.41 2.94 6.32 
TDS 1 000 
(mg/L) 
2 148 1 552 2 148 1 552 2 148 1 552 2 299 2 057 2 029 2 304 2310 2315 2 154 2 203 2 293 2 322 
Temperatur
e 
20-25 
(0C) 
23.5 22.8 19.8 23.8 24.3 23.2 23.7 22.7 22.7 22.8 24.1 24.8 18.5 20.6 22.5 23.9 
Metal Parameters 
Ca 1 000 
(mg/L) 
237.04 197.01 2 300 1 494 236.02 251.81 197.02 350.27 220.51 177.21 262.03 380.63 255.27 353.09 246.4 381.27 
Mg 500 
(mg/L) 
105.8 104.44 108.8
4 
90.62 99.14 122.81 166.25 127.69 91.8 125.88 105.8 124.24 104.66 137.65 98.32 128.04 
Na 2 000 
(mg/L) 
28.18 49.11 27.53 31.36 25.9 34.75 31.94 35.38 22.54 20.34 25.04 28.11 24.84 33.87 25.94 31.41 
K - 7.6271 110.091 7.890
1 
77.662 7.9431 57.357 7.8592 56.8672 6.8774 23.7655 7.6697 24.2495 7.4108 37.5468 8.2021 28.0563 
Fe 10 (mg/L) 14.087
6 
0.0414 22.74
65 
0.1124 9.9378 0 18.0027 0 14.4463 0 19.496 0.183 21.6175 0.1115 12.5882 0.0084 
Mn 10 (mg/L) 15.22 7.44 17.05 3.51 15.21 18.43 16.32 11.29 14.3 16.53 15.73 17.72 15.77 12.92 13.63 14.84 
Cl 1 500 
(mg/L) 
2.18 19.51 11.02 11.39 2.55 7.89 2.8 6.75 2.36 7.27 5.32 6.17 1.36 5.03 3.76 5.69 
B 5 (mg/L) 0.02 0.06 0.04 0.06 0.04 0.08 0.24 0.12 0.02 0.06 0.03 0.05 0.04 0.07 0.04 0.07 
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Parameters WQG/LW S1 S10 S1 S10 S1 S10 S1 S10 S1 S10 S1 S10 S1 S10 S1 S10 
November 2015 December 2015 January 2016 February 2016 March 2016 April 2016 July 2016 August 2016 
Al 5.0 
(mg/L) 
35.348
5 
0.0814 38.35
15 
0.0358 29.4674 0.0283 22.5628 0.0231 32.6413 0.0123 37.6436 0.0174 36.5662 0.0319 29.5881 0.0308 
General Water Quality Parameters 
F 2.0 
(mg/L) 
0.04 0.41 0.02 0.51 0 0.71 0.05 0.36 0.01 0.37 0.05 0.33 0.16 0.45 - - 
PO4 - 0.32 1.23 0.25 0.8 0.2 3.45 0.29 5.95 0.39 1.69 0.37 0.54 0.54. 0.35 0.46 0.4 
COD - 13 112 33 75 18 80 1 125 103 33 0 15 19 36 15 14 
SO4 1 000 
(mg/L) 
1 320 487.4 1 596 604.7 1 310 750.1 1 670 1 140 1 290 1 350 1 550 1 390 1 320 1 380 1 446 1 510 
NH4 - 0.4 0.89 0.42 4.67 - - - - 0.46 0.73 - - 0.52 5.37 - - 
NO3 100 
(mg/L) 
0.04 0.07 0 0 0.19 0.09 0 0.03 0 15.06 0 1.22 0 0.31 3.19 -5.14 
Note: Values in red are higher than the WQG/LW and Values in light blue are below than the pH limit of WQG/LW
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IN SITU DAILY WATER QUALITY RESULTS 
Temperature  
Table 12: Monthly Temperature (°C) results. 
MONTHS 
SAMPLED / Sites 
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
November 2015 23.5 23.3 23.1 22.9 22.8 22.8 22.8 22.8 22.9 22.8 
December 2015 19.8 20.5 21.5 22 22.5 22.9 23 23.3 23.6 23.8 
January 2016 2.94 6.96 7.26 7.8 8.04 7.96 8.01 7.86 7.78 7.7 
February 2016 2.98 7.38 7.32 7.49 7.86 7.64 7.34 7.48 7.25 7.48 
March 2016 22.7 22.6 22.5 22.4 22.4 22.4 22.5 22.6 22.6 22.8 
April 2016 24.1 24 24.1 24.2 24.4 24.6 24.7 24.8 24.9 24.8 
July 2016 18.5 19.6 19.4 19.7 19.9 20 20.2 20.3 20.4 20.6 
August 2016 22.5 22.5 22.5 22.6 23 23.3 23.6 23.5 23.8 23.9 
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pH  
Table 13: Monthly pH results  
MONTHS 
SAMPLED / Sites 
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
November 2015 2.96 6.73 6.96 7.56 7.55 7.62 7.48 7.67 7.61 7.86 
December 2015 3 6.92 7.12 7.27 7.51 6.92 7.79 7.71 7.73 7.98 
January 2016 2.94 6.96 7.26 7.8 8.04 7.96 8.01 7.86 7.78 7.7 
February 2016 2.98 7.38 7.32 7.49 7.86 7.64 7.34 7.48 7.25 7.48 
March 2016 2.97 6.53 6.64 6.68 6.75 6.53 6.55 6.44 6.59 6.76 
April 2016 2.96 5.45 4.7 4.6 4.66 4.25 4.6 4.64 4.9 6.45 
July 2016 2.97 2.95 5.96 5.99 6.01 5.98 5.77 5.98 6.02 6.41 
August 2016 2.94 6.1 6.1 6.19 6.21 5.63 6.22 6.11 6.32 6.32 
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Total Dissolves Solids (TDS) 
Table 14: Monthly Total Dissolved Solids results  
MONTHS 
SAMPLED 
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
November 2015 2148 1849 1731 1671 1779 1269 1685 1629 1639 1552 
December 2015 2148 2300 1731 1671 1779 1269 1685 1629 1639 1552 
January 2016 2148 1849 1731 1671 1779 1269 1685 1629 1639 1552 
February 2016 2299 1858 1851 1845 1871 1840 1797 1847 1896 2057 
March 2016 2029 2189 2156 2179 2165 2162 2150 2172 2164 2304 
April 2016 2310 2235 2171 2285 2264 2270 2243 2278 2270 2315 
July 2016 2154 2184 2210 2243 2241 2196 2175 2232 2234 2203 
August 2016 2293 2177 2118 2103 2128 2137 2144 2112 2196 2322 
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MONTHLY WATER QUALITY RESULTS (GENERAL PARAMETERS) 
Sulphate (SO4)  
Table 15: Monthly Sulphate results  
MONTHS 
SAMPLED 
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
November 2015 1320 401 376 284 370 709 361 556 625 487 
December 2015 1596 630 367 356 356 880 624 716 715 605 
January 2016 1310 668 594 563 581 632 620 634 644 750 
February 2016 1670 844 857 776 759 770 831 852 816 1140 
March 2016 1290 1210 1230 1220 1230 1230 1280 1260 1260 1350 
April 2016 1550 1320 1470 1380 1400 1380 1440 1400 1380 1390 
July 2016 1320 1420 1370 1350 1420 1430 1380 1540 1410 1380 
August 2016 1446 1454 1290 1370 1250 1340 1410 1280 1270 1510 
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MONTHLY WATER QUALITY RESULTS (METAL PARAMETERS)  
Manganese (Mn) 
Table 16: Monthly Manganese results 
MONTHS 
SAMPLED 
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
November 2015 42 36 33 32 34 24 33 32 32.5 30 
December 2015 17.05 5.72 5.69 5.41 5.39 6.98 5.16 5.05 4.82 3.51 
January 2016 15.21 5.54 5.58 5.72 5.7 5.75 5.46 4.97 4.88 18.43 
February 2016 16.32 12.7 12.3 11 9.78 10.64 9.79 10.32 10.73 11.29 
March 2016 14.3 15.92 15.38 15.43 15.28 15.76 15.97 15.79 15.78 16.53 
April 2016 15.73 17.79 17.98 18.16 16.96 16.83 17 17.37 18.11 17.72 
July 2016 15.77 16.79 17.01 17.01 16.88 16.97 16.47 17.21 16.28 12.92 
August 2016 13.63 15.71 14.63 15.74 14.91 12.97 14.25 13.95 14.02 14.84 
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Iron (Fe) 
Table 17: Monthly Iron results  
MONTHS 
SAMPLED 
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
November 2015 14.0876 0.1008 0.0713 0.057 0.033 0.3784 0.3754 0.2393 0.1933 0.0414 
December 2015 22.7465 0.1482 0.135 0.0272 0.0231 0.1004 0.509 0.1656 0.3053 0.1124 
January 2016 9.9378 0.022 0 0.0309 0.0244 0.0012 0 0.0044 0 0 
February 2016 18.0027 0.0748 0.0813 0.0409 0.0338 0.0184 0.0116 0.0032 0.0153 0 
March 2016 14.4463 1.5416 1.0846 0.4164 0.2354 0.5675 1.3557 1.3813 0.02808 0 
April 2016 19.496 22.4097 4.988 3.2744 19.2816 7.1415 5.6034 0.0028 4.612 0.183 
July 2016 21.6175 12.4451 17.5458 16.6015 14.3037 0 7.9694 1.5455 7.6499 0.1115 
August 2016 12.5882 1.1495 0.5949 3.1917 0.8404 0.7535 0.0567 0.0466 0.0429 0.0084 
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Calcium (Ca) 
Table 18: Monthly Calcium results  
MONTHS SAMPLED S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
November 2015 237.04 219.82 218.67 220.87 226.69 228.44 218.75 208.10 206.98 197.01 
December 2015 2300.00 1650.00 1675.00 1669.00 1738.00 1953.00 1458.00 1822.00 1757.00 1494.00 
January 2016 236.02 252.88 255.97 257.12 257.10 239.70 243.82 243.88 244.60 251.81 
February 2016 197.02 338.12 312.87 317.02 309.72 310.98 314.06 319.16 315.38 350.27 
March 2016 220.51 341.20 294.16 321.98 327.22 329.11 333.22 332.20 337.00 177.21 
April 2016 262.03 252.43 308.48 312.07 311.48 312.47 297.63 322.90 352.86 380.63 
July 2016 255.27 33.51 331.15 334.96 352.90 353.98 354.11 368.16 346.29 353.09 
August 2016 246.40 306.22 306.43 309.76 308.83 282.09 326.31 326.25 326.70 381.27 
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Aluminium (Al) 
Table 19: Monthly Aluminium results  
MONTHS 
SAMPLED 
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
November 2015 35.3485 0.1254 0.1013 0.1137 0.0987 0.1872 0.1584 0.1088 0.1149 0.0814 
December 2015 38.3515 0.11 0.0948 0.0756 0.0796 0.0361 0.0863 0.0861 0.2051 0.0358 
January 2016 29.4674 0.0679 0.0423 0.086 0.1026 0.1452 0.1127 0.09 0.0296 0.0283 
February 2016 22.5628 0.0602 0.0626 0.0371 0.0304 0.0556 0.0488 0.0367 0.0441 0.0231 
March 2016 32.6413 0.064 0.0212 0.0124 0.0061 0.0297 0.0285 0.0607 0.1063 0.0123 
April 2016 37.6436 2.0957 0.6354 3.2421 7.028 8.9624 8.3794 2.7748 5.8499 0.0174 
July 2016 36.5662 0.093 0.0455 0.0904 0.0562 0.1045 0.0962 0.0228 0.1591 0.0319 
August 2016 29.5881 0.0531 0.0532 0.077 0.0387 0.2097 0.0492 0.0319 0.0268 0.0308 
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MONTHLY GENERAL WATER QUALITY PARAMETERS 
Fluoride (F) 
 
Figure 16: Fluoride concentrations determined for sampling points S1 – S10 from November 2015 until August 2016 (-----Target 
Water Quality Results of 2.0 Fluoride for the Water Quality Guideline for Irrigation and Water Quality Guideline for Livestock Watering). 
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Orthophosphate (PO4)  
 
Figure 17: Orthophosphate concentrations determined for sampling points S1 – S10 from monitoring months November 2015 until 
August 2016. 
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Chemical Oxygen Demand (COD) 
 
Figure 18: Chemical Oxygen Demand concentrations determined for sampling points S1 – S10 from monitoring months November 
2015 until August 2016  
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Nitrate (NO3)  
 
Figure 19: Nitrate concentrations determined for sampling points S1 – S10 from monitoring months November 2015 until August 
2016 (-----Target Water Quality Results of 100 mg/L Nitrate for the Water Quality Guideline for Irrigation). 
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MONTHLY WATER QUALITY RESULTS (METAL PARAMETERS) 
Magnesium (Mg)  
 
Figure 20: Magnesium concentrations determined for sampling points S1 – S10 from monitoring months November 2015 until August 
2016 (-----Target Water Quality Results of 500 mg/L Magnesium for the Water Quality Guideline for Irrigation). 
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Sodium (Na)  
 
Figure 21: Sodium concentrations determined for sampling points S1 – S10 from monitoring months November 2015 until August 
2016 (-----Target Water Quality Results of 2 000 mg/L Sodium for the WQG/I and ----- TWQR of -70 mg/L Sodium for the WQG/LW). 
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Potassium (K)  
 
Figure 22: Potassium concentrations determined for sampling points S1 – S10 from monitoring months November 2015 until August 
2016.
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Chlorine (Cl)  
 
Figure 23: Chlorine concentrations determined for sampling points S1 – S10 from monitoring months November 2015 until August 
2016 (-----Target Water Quality Results of 1 500 mg/L Chlorine for the Water Quality Guideline for Irrigation and ----- Target Water 
Quality Results of 100 mg/L Chlorine for the Water Quality Guideline for Livestock Watering).
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Boron (B) 
 
Figure 24: Boron concentrations determined for sampling points S1 – S10 from monitoring months November 2015 until 
August 2016 (-----Target Water Quality Results of 0.5 mg/L Boron for the Water Quality Guideline for Irrigation and ----- 
Target Water Quality Results of 5 mg/L Boron for the Water Quality Guideline for Livestock Watering). 
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